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SUMMARY

This Ph.D. thesis consists of three parts. In the first part (Section 1) we study
abelian varieties and K3 surfaces of CM-type (i.e. their Hodge group is commuta-
tive), aiming at a characterization of complex multiplication via the existence of
special Kahler metrics. We find out that an abelian variety X is of CM-type if and
only if it admits a constant rational Kéhler metric (see Theorem 1.2.17). The latter
is a constant Ké&hler metric which only takes values in Q on the lattice H;(X,Z)
of X. Here we identify the tangent space of X with H;(X,R). For a K3 surface
Y with period o € H?°(Y) we interpret a positive definite 3-dimensional subspace
V C H%*(Y,R) containing RReo & RImo as a Kéhler metric. We also find some
special V if Y is of CM-type and has high Picard number (> 10). This and a
converse statement can be found in Theorem 1.3.18.

In the second part (Section 2) we apply the characterizations we found above
to give sufficient conditions under which a mirror of an abelian variety or of a K3
surface of CM-type is of CM-type as well. We show that if a triple (X', G’, B') is
a mirror abelian variety of (X,G, B), where X is an abelian variety of CM-type,
G a constant rational Kéhler metric on X (which does exist in view of Theorem
1.2.17) and B is a rational B-field (i.e. an arbitrary element of H?(X,Q)), then X’
is also of CM-type (or even stronger, X’ is isogenous to X ). This is the contents of
Theorem 2.2.13. For K3 surfaces Theorem 2.4.4 answers the question. Conditions
on (Y,w,B), where Y is a K3 surface of CM-type, w € HY(Y,R) has square
(w,w) > 0 and B is a B-field (i.e.an arbitrary element of H?(Y,R)), and on a
mirror map are given such that a mirror (Y',w’, B’) is of CM-type.

In the third part (Section 3) we construct a lattice OPE-algebra, which is a
generalization of Kac’s lattice vertex algebra, in the sense that a lattice OPE-
algebra may contain a fermionic and an anti-holomorphic z-part. Associated to a
torus it is isomorphic to Kapustin and Orlov’s construction. We define the notion
of a rational lattice OPE-algebra and we show that the N=2 lattice OPE-algebra
V(T, G, B) associated to a complex torus T together with a constant Kéhler metric
G and a B-field B € H?(X,R) is rational if and only if both G and B are rational.
This allows us to conclude in view of Theorem 1.2.17 that if an abelian variety X is
of CM-type, then there is a rational N=2 lattice OPE-algebra V (X, G, B) associated
to it, and conversely, if a N=2 lattice OPE-algebra V (X, G, B) is rational, then X
is of CM-type. In Corollary 3.5.5 we also relate this to mirror symmetry.
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Introduction 1

INTRODUCTION

We give successively our goal, a review of previous works, our results and finally
the organization of our work.

Our goal: This work is inspired by Gukov and Vafa’s paper [GV], where they
shared their insight on a surprising and intriguing interplay between complex mul-
tiplication, rational conformal field theory (CFT) and mirror symmetry on Calabi-
Yau varieties. They made the following observation: Let (E' 2 C/Z @ 7'Z,G', B’)
be a mirror elliptic curve of (E = C/Z @ 7Z,G, B), where G is a constant Kéhler
metric and B € H?(E,R). Then the N=2 CFT C(E, G, B) is rational if and only
if both £ and E’ are of CM-type over the same imaginary quadratic field, i.e.
7,7 € Q(v/=D). In this case, E and E’ are in particular isogenous. One then
naturally asks whether similar relations hold for abelian varieties of arbitrary di-
mension. We will formulate N=2 CFT in terms of a lattice OPE-algebra based
on Kapustin and Orlov’s construction in [KO] (OPE stands for Operator Product
Expansion, OPE-algebras are generalizations of vertex algebras). More precisely,
our goal is to answer the following question:

Let (X',G', B’) be a mirror partner of (X, G, B), where X is an

abelian variety endowed with a constant Kdhler metric G and a (QAV)
B-field B in H*(X,R). Is the N=2 superconformal lattice OPE-

algebra V (X, G, B) rational if and only if X and X' are isogenous

and both of CM-type?

Our work also contains an extension to K3 surfaces. Unfortunately, in this case,
a formulation of the CFT in terms of OPE-algebras is still missing, hence we could
only make a few steps towards the problem by answering the following questions:

Let Y be a (projective) K3 surface of CM-type with period o.
How to characterize Y by a “Kdhler metric” (we mean a three
dimensional positive definite subspace V. C H*(Y,R) which con-
tains RReo @ RImo and a real (1,1)-form w with (w,w) > 0)?
How to choose w and a B-field B € H*(Y,R) such that a mirror
partner (Y',w', B") of (Y,w, B) is again of CM-type?

(QK3)

Previous works: We first review previous works on complex multiplication, ra-
tional CFT and mirror symmetry for abelian varieties. We will only mention those
works which are of direct relevance to us.

Complex multiplication on abelian varieties has been extensively studied in geo-
metry as well as in number theory (see e.g. [Sh2],[L]). Historically, one says that a
simple abelian variety X (i.e contains no abelian subvarieties) is of CM-type if its
endomorphism algebra Endg X is as big as possible, i.e. is of rank 2dim X. In this
case Endg X is isomorphic to a CM-field which is by definition a totally complex
quadratic extension of a totally real number field. For example, in dimension one,
an elliptic curve F = C/Z @& 7Z is of CM-type if and only if 7 lies in an imaginary
quadratic number field Q(v/—D). In this case we have Endg X = Q(v/—D), which
is bigger than in the generic case where the endomorphism algebra is equal to Q.
The name “complex multiplication” comes from the action of v/—D on E. It is
the multiplication by v/—D on C which preserves the lattice Z @ 7Z (see Example
1.2.8).

In physics, toroidal CFTs are also very familiar objects (see e.g. [W] and [En]
and the references therein). From a physicist’s point of view, a CFT is called
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rational, if its partition function can be written as a finite sum of the product of
holomorphic and anti-holomorphic characters (see [GV, §2]), and this is the case
when its chiral part is maximal.

The interplay between CM and rational CFT having a real 2-torus as target space
is already known in Moore’s paper [Mo, §10], and it is generalized by Wendland
to real tori of arbitrary dimension. We can rephrase her Theorem 4.5.5 in [W] as
follows. Let T be a real torus. We say that a constant (Riemann) metric G on T is
rational if it only takes rational values if restricted on H;(T,Z). We say moreover
that a B-field B on T is rational if B lies in H?(T,Q). Then we have: (a) A real
torus T endowed with a rational constant (Riemann) metric G admits a complex
structure I compatible with G such that the complex torus (T, I) is isogenous to a
product of elliptic curves of CM-type. (b) A CFT C(T, G, B) associated to a real
torus T endowed with a constant metric G' and a B-field B € H?(T,R) is rational if
and only if both G and B are rational. (¢) Combining (a) and (b) one can say that
a real torus T endowed with a rational CFT C(T, G, B) admits a complex structure
I compatible with G such that the complex torus (T,T) is isogenous to a product
of elliptic curves of CM-type.

In [GV] a novelty is that Gukov and Vafa relate complex multiplication and ra-
tionality of CFT to mirror symmetry. We would like to mention the paper [GLO]
where the authors used certain generalized complex structures to formulate mirror
symmetry for abelian varieties although the notion of generalized complex geometry
was invented only later by Hitchin in [Hi]. We will also use generalized structures
to formulate mirror symmetry which shall incorporate [GLO]’s definition (see Def-
inition 2.2.5).

We already mentioned Gukov and Vafa’s observation about elliptic curves. The
difference between their statement and Wendland’s result is that Gukov and Vafa
start with an elliptic curve with a given complex structure endowed with a Kdhler
metric, and use an additional N=2 structure on the CFT to encode the complex
structure of the target space, and hence link the complex geometry (e.g.complex
multiplication) of the mirror pair.

For abelian varieties, along with complex multiplication and mirror symmetry,
CFTs and non-linear sigma model received a mathematical treatment by Kapustin
and Orlov in terms of OPE-algebras (see [KO]). This is the terminology given by
Rosellen (see [Ros]). In [KO] they are still called “vertex algebras” although they
generalize the vertex algebras studied by Kac [Kac] among many other authors. In
our work we adopt Rosellen’s terminology.

Up to now we have described our starting point to answer the question (QAV).
Our results are given later. The question (QK3) is an attempt to investigate the
case of K3 surfaces. In order to introduce the notion of a K3 surface of CM-type
we have to mention Mumford’s work. In [Mm2] he proves that a simple abelian
variety X is of CM-type (i.e.rkEndg X = 2dim X) if and only if its Hodge group
Hg(X) is commutative. For a not necessarily simple abelian variety X, if Hg(X) is
commutative, then X is isogenous to a product of simple abelian varieties of CM-
type (see Propositions 1.2.6 and 1.2.7 for more complete statements). This leads to
the definition of Hodge structures of CM-type (see Section 1.1 for generalities about
Hodge structures). A Hodge structure V is of CM-type if V' is polarizable and its
Hodge group Hg(V) is commutative (see Definition 1.1.7). This allows us to extend
complex multiplication to any smooth projective variety carrying a Hodge structure,
in particular to projective K3 surfaces. We say that a projective K3 surface Y is of
CM-type if the Hodge structure on its transcendental lattice T' (or equivalently on
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H?(Y,Q)) is of CM-type (see Definition 1.3.3). We will essentially use results from
three papers [Zal, [Bor| and [PS]. In the first paper Zarhin determines all possible
Hodge groups of Y. In the second Borcea shows that Y is of CM-type if and only
if Endpg(pr) T is a CM-field of the same degree over Q as dimg 7" (see Proposition
1.3.4). The third paper presents a construction of K3 surfaces of CM-type (see
Proposition 1.3.9).

Mirror symmetry for K3 surfaces has also been studied by many authors. Let us
mention Huybrechts’ paper [H3, §6.4] where the mirror under a particular mirror
map is calculated. In our work we formulate mirror symmetry for K3 surfaces in
terms of generalized Calabi-Yau structures (GCYSs). This simplifies the formula-
tion given in [H3]. GCYSs are studied in [Hi] and more specially on K3 surfaces in
[H2] (see Section 2.1 for some generalities about them). Recall that mirror symme-
try for abelian varieties is formulated using generalized complex structures. One
can show that they can be induced by GCYSs (see Section 2.2). Thus GCYSs
provide a more general framework for mirror symmetry. Schematically the passage
from abelian varieties to K3 surfaces is an abstraction of structures as follows

complex multiplication on
Hodge structure K3 surfaces

abelian varieties in terms  ~ ~
of CM-type of CM-type

of endomorphism algebras

and

mirror symmetry for .
] o mirror symmetry for
abelian varieties in terms ~  GCYS ~
) K3 surfaces.
generalized complex structures

This gives a unified view to our work on abelian varieties and K3 surfaces.

As to CFT on K3 surfaces there are among many other works several papers
by Wendland. But unfortunately a formulation in terms of OPE-algebras is still
missing. This prevents us from defining rigorously rational CFT and hence from
completely answering a similar question as (QAV) for K3 surfaces.

Our results: It turns out that only one direction of the question (QAV) holds.
More precisely we answer (QAV) by

Corollary 3.5.5. Let (X,G,B) and (X',G’,B’) be mirror abelian varieties. If
the N=2 superconformal lattice OPE-algebra V (X, G, B) is rational, then X and
X' are isogenous and both of CM-type. Conversely, however, there exist mirror
abelian varieties (X, G, B) and (X',G', B") such that X and X' are isogenous and
both of CM-type, but neither V(X,G, B) nor V(X',G’', B') is rational.

We explain a few important steps which lead us to this statement. Our con-
struction of lattice OPE-algebras (given in Section 3.2) is inspired by Kapustin
and Orlov’s toroidal OPE-algebra, it is actually isomorphic to a toroidal lattice
OPE-algebra (see Section 3.3 and Appendix B). However, our construction has the
advantage of exhibiting more clearly the role of the lattice of the underlying torus.
Hence makes the definition and the study of rationality easier.

Another key step is the following theorem. It shows that complex multiplication,
which is a priori determined solely by the complex structure of the abelian variety,
turns out to be equivalent to the existence of a rational Kéhler metric (i.e. a Kéahler
metric which takes solely rational values on the lattice of the abelian variety). More
precisely we have
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Theorem 1.2.17. An abelian variety X is of CM-type if and only if X admits a
constant rational Kahler metric.
Note that this theorem differs from Wendland’s result (a) in the fact that the
complex structure of X is given beforehand.

The role of a rational Kahler metric for a lattice OPE-algebra becomes evident
through the following theorem.

Theorem 3.4.3. The N=2 superconformal lattice OPE-algebra V (T, G, B) asso-
ciated to a complex torus T endowed with a constant Kdhler metric G and a B-field
B is rational if and only if G and B are both rational.

A few comments are due here. The rationality of a N=2 superconformal lattice
OPE-algebra is defined on the underlying lattice OPE-algebra (i.e. without the
N=2 and superconformal structures, see Definition 3.4.1). Hence this theorem is in
complete accordance with Wendland’s result (b). Moreover, our definition is also
in accordance with rationality defined in terms of the partition function, this is
explained in Remarks 3.2.2 and 3.4.5. Combining the last two theorems we have

Theorem 3.5.4. An abelian variety X is of CM-type if and only if X admits a
rational N=2 superconformal lattice OPE-algebra V (X, G, B).

Now we make the link between complex multiplication and mirror symmetry for
tori. We have

Theorem 2.2.13. Let (X,G,B) and (X',G',B’) be mirror abelian varieties.
Suppose X is of CM-type. If both G and B are rational, then X and X' are
isogenous. In particular, X' is also of CM-type.

Combined with Theorem 3.4.3 we obtain one direction of Corollary 3.5.5. The
converse is however not true by
Proposition 2.3.1. There are mirror abelian varieties (X, G, B) and (X',G', B'),
such that X and X' are isogenous and of CM-type, but neither ZJ nor T'J' is
defined over Q, where (Z,J) and (Z',J') denote their induced generalized Kahler
structure (GKS).

Refer to Section 2.2 for GKSs. This proposition leads to the second part of Corol-
lary 3.5.5 which says that on this mirror pair neither V(X, G, B) nor V(X',G’, B)
is rational.

Now we turn to K3 surfaces. We answer the first part of the question (QK3) by

Theorem 1.3.18. Denote L := H® @ Eg(—1)%2. Let V. C Lg be a positive
definite 3-dimensional subspace of the form
V =Rv; ® Ruy ® Rusg,

with

(i) {v1,v2,v3} is an orthogonal basis.

(ii) All v;’s are fully defined over some totally real number field Ky under an

embedding € : Ko — R.

(i) E(vi) L E(vj) fori#j.

(iv) 6*1(%) € Ky is totally positive.
If a point

[0 e P(Ve)NQ = {[o] € P(V¢) | {(o,0) =0,(0,5) > 0}

defines a projective K3 surface, then a multiple of o is fully defined over a CM-field.

Conversely, any K3 surface of CM-type Y with period o and p(Y) > 10 possesses
a 3-dimensional positive definite subspace V. C H?(Y,R) as above which contains
RReoc ®RImo.
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The key notion here is being fully defined over a CM-field. It is an arithmetic
property. We show in Proposition 1.3.14 that if a K3 surface Y is of CM-type over
a CM-field K, then there is an element o € H*%(Y) which is fully defined over
K. Unfortunately, the converse does not hold, so the conditions on V given in the
theorem above are not strong enough to characterize K3 surfaces of CM-type.

The second part of the question (QK3) is answered by

Theorem 2.4.4. Let (Y’ ', B’) be an involutive mirror of (Y,w, B) under a
mirror map X, where Y is a K3 surface of CM-type with p(Y') > 10. Suppose
further the following conditions:
(i) (U, U)=0 and x
(ii) w is as constructed on page 47.
(iii) B = —v* + Reo, where 0 € H*°(Y) is fully defined over K.
(iv) {(w,v) = (B,v) =0.
Then Y’ is also of CM-type over K.
The notion of involutive mirror is introduced in Definition 2.4.2. This theorem
is based on explicit calculations of mirror partners given in Proposition 2.4.3.

L =1dy.

Organization of our work: Section 1 presents abelian varieties and K3 surfaces of
CM-type (in Section 1.2 respectively 1.3) from the point of view of Hodge structures
of CM-type (reviewed in Section 1.1), and contains characterization of complex
multiplication by certain properties (e.g. rationality) of a K&hler metric.

Section 2 presents mirror symmetry for abelian varieties and K3 surfaces (in Sec-
tion 2.2 respectively 2.4) from the point of view of generalized Calabi-Yau structures
(reviewed in Section 2.1), and contains sufficient conditions for complex multipli-
cation to be transmitted to mirror partners. Section 2.3 contains the construction
of the pair of mirror isogenous abelian varieties of CM-type without their lattice
OPE-algebra being rational.

Section 3 deals with lattice OPE-algebras on abelian varieties and their ratio-
nality. Section 3.5 contains a complete answer to the question (QAV).

Appendix A gives calculations of the partition function of lattice OPE-algebra.
Appendix B shows that toroidal lattice OPE-algebra is isomorphic to Kapustin and
Orlov’s toroidal OPE-algebra.
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1. COMPLEX MULTIPLICATION, HODGE STRUCTURES
AND RATIONAL KAHLER METRIC

Summary of results: The goal of this section is to prove Proposition 1.2.16
which leads to Theorem 1.2.17 and Proposition 1.3.14 which leads to Theorem
1.3.18. The first two claims deal with abelian varieties. They show the equivalence
of the following three conditions: complex multiplication, the compactness of the
set of real points Hg(X)(R) of the Hodge group and the existence of a rational
Kahler metric. The latter two claims treat K3 surfaces. They characterize complex
multiplication with an arithmetic property of the period and with a 3-dimensional
positive definite subspace V' C H2(Y,R). These are the basis for our treatment of
mirror symmetry and OPE-algebras later on.

This section is organized as follows. Section 1.1 contains a reminder of notions
(e.g. CM-field and Hodge structure of CM-type) which we need in the sequel.
We also give a few useful propositions. We omit their proof if a good reference is
available.

In Section 1.2 we specialize to Hodge structures of weight 1 which correspond to
abelian varieties. We recall a construction of abelian varieties of CM-type (due to
Shimura) and two ways of considering them: one with Hodge group, the other with
endomorphism algebra. These two approaches lead to two very different proves of
Theorem 1.2.17.

In Section 1.3 we describe the Hodge structure on H*, H? and the transcendental
lattice T' of a K3 surface. We present a construction of K3 surfaces of CM-type
(due to Pjateckii-Shapiro and Shafarevich) and introduce the notion of being fully
defined over a number field. This allows us to formulate Theorem 1.3.18.

We give when possible examples which we constructed or calculated. They are
helpful to get a concrete understanding of these structures.

1.1. Hodge structures.

Let us first recollect a few facts about CM-fields and then about Hodge structures
of CM-type. Their relationship is expressed in Proposition 1.1.9.

Definition 1.1.1. A CM-field K is a number field which is a totally complex
quadratic extension of a totally real field K.

A totally real field is a number field which has only real embeddings. In other
words, all embeddings factorize over R. A totally complex field is a number field,
which in contrast has only complex embeddings, i.e.none of its embeddings into
C factorizes over R. The embeddings of such a field come in complex conjugated
pairs, i.e. the set S of embeddings of K is a union of two disjoint parts S = ® U ®,
if o € ® then & € ®. The choice of ® is called a CM-type of K. This determines
the complex structure of the abelian variety constructed from a CM-field as we will
see later.

Besides, a CM-field has an involution induced by the complex conjugation on C,
namely, any embedding o defines

T T:=0 'oa(x).

It is easy to see that z +— Z does not depend on the choice of the embedding.
Indeed, for any embedding ¢ : K — C, the composition c~! o & is a non-trivial
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automorphism of K which preserves Ky. Since Gal K/Kj is of order 2, 01 o5
must be independent of the choice of o. For simplicity we call this automorphism
of K complex conjugation. Obviously, Ky is the fixed subfield. The following lemma
gives a method to construct CM-fields and will be used numerous times.

Lemma 1.1.2. A number field K is a CM-field if and only if K is generated by
an element n € K over a totally real subfield Ko with n? € K, totally negative (i.e.

n? is negative under any embedding of Ko ).

Proof. Let K be a CM-field, so it is of the form K = Ky(f) for an element 5 € K
of degree 2 over Kj. Set

n:=p-p.
Then n? = 82 + 32 — 2638 lies in K as it is invariant under complex conjugation.
Let ¢ : Ko — R be any embedding of Ky and ¢ : K — C be an extension of ¢ to
K. We have

o(n?) = o(i®) = o(n)? = (o(8) — o(8))* = (2ilmo(f))* < 0.
Hence 7n? is totally negative.
Conversely, one can extend any embedding ¢ of Ky to K by setting

o(n) == ven?) and o(n):=—ve(n?).
This shows that K is totally complex and ends the proof. O

As an example of CM-fields we can give the cyclotomic fields Q(£),£™ = 1,£ # 1.
Indeed we can write them as

Q) = QE+(E &)

Then Koy = Q(£+&) and np = £ — £ in the notation of the lemma above. We will use
a cyclotomic field for the construction of an abelian variety of CM-type in Example
1.2.13.

Now we turn to Hodge structures.

Definition 1.1.3. Let V be a finite dimensional Q-vector space. A (rational)
Hodge structure of weight n on V is a decomposition

Vo= P vre (1.1.1)

pHq=n

over C, where VP4 = V4P, For simplicity we use the same letter V' for the Hodge
structure on it. We call a Hodge structure V irreducible if V' does not contain any
non-zero proper Hodge substructure, meaning a Q-vector subspace 0 # W C V with

We = EB WP gnd WP = We N VPI,

p+g=n

Irreducible Hodge structures of weight 1 characterize simple complex tori as we
will see in Proposition 1.2.1. The Hodge structure on the transcendental lattice of
a K3 surface is also irreducible, shown in Proposition 1.3.1. A morphism of Hodge
structures is a Q-linear map f : V — W which, after C-linear extension, preserves
the decomposition (1.1.1), i.e.

FVPa) C W,

We say V and W are isomorphic if f is an isomorphism.
The theory of Hodge structures is based heavily on the study of Hodge groups.
The Hodge group is a linear algebraic group defined over Q which characterizes the
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Hodge structure in a subtle way. We first recall the definition of a linear algebraic
group. Let V be a finite dimensional vector space over a field k of characteristic
0 and K be an algebraically closed extension of k. A subgroup G of GL(V, K)
which is also an algebraic variety is called a linear algebraic group. If the ideal
I(G) is generated by polynomials with coefficients in a subfield ¥’ C K, we say
that G is defined over k' . For a subfield F' C K, the F (-rational)-points of G are
G(F) := GNGL(V,F). For simplicity we will henceforth use the term algebraic
group for linear algebraic group (although the first notion is more general than the
second one).

A Hodge structure as in (1.1.1) induces a homomorphism of real algebraic groups
(i.e. the R-points of an algebraic group defined over R):

h:S' — SL(V,R)
zr— (h(z) :v= va’q — Zzpiqvp’q),

where S! is the unit circle. Note that an a € S' can be considered as an element
of SL(V,R) with a11 = ag2,a12 = —az1,a3; + aly = 1. Hence S! is indeed a real
algebraic group.

Definition 1.1.4. The Hodge group Hg(h) or Hg(V) of a Hodge structure V is
the smallest algebraic subgroup of GL(V,C) defined over Q, whose R-points contain
the image of S* under h, i.e.

h(S') C Hg(h)(R).

If Hg(h) consists trivially of the identity element, we say that the Hodge structure
V is trivial.

A Hodge structure may be polarizable. This property is closely related to the
projectivity of the corresponding variety, see Proposition 1.2.1 for complex tori and
Proposition 1.3.2 for K3 surfaces for more precise statements.

Definition 1.1.5. A polarization of a Hodge structure V of weight n is a Q-bilinear
form:
E:VxV—Q,

which is symmetric if n is even, anti-symmetric if n is odd, and extended C-
bilinearly satisfies

o E(VP1 V™) =0 unless r = q and s = p,

o E(-,h(i)) is positive definite, i.e. i7" PE(x,Z) > 0 for any x # 0 in VP11,

A Hodge structure is called polarizable if one can define a polarization on it.

We see immediately that Hg(V') preserves the polarization if V' is polarizable.
Indeed, the elements of GL(V, C) which preserve the polarization form an algebraic
group G defined over Q and its R-points contain h(S!), hence G contains Hg(V).
Moreover, it is well known that the Hodge group is connected, and it is reductive
if the Hodge structure is polarizable. These properties will be used in the proof of
Proposition 1.2.16, so we recall these notions.

The identity component of an algebraic group G is the irreducible component
(in Zariski topology) of G containing the identity element. If G' consists of the
identity component only, we call G connected. In order to define reductiveness we
need the notion of an algebraic torus. An algebraic torus over k is an algebraic
group over k which is isomorphic over the algebraic closure of &k to a product of the
multiplicative algebraic group G,,. It is in particular commutative. An algebraic
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group G over k is called reductive if all k-representations of G are fully reducible
or, equivalently, if G is an almost direct product of a k-torus and a semi-simple
subgroup (i.e. G = G!'G*,G* N G* = {e}). Now let us state precisely the following

Proposition 1.1.6 (Mumford). (i) The Hodge group of any Hodge structure is
connected.

(ii) If a Hodge structure is polarizable, then its Hodge group is reductive and pre-
serves polarizations.

It is easy to see (i). Indeed, since S! is connected, h(S!) is connected and lies
in the identity component of Hg(h). On the other hand, an irreducible component
of an algebraic group defined over QQ is again defined over Q. Hence from the
minimality of the Hodge group, it must coincide with its identity component. As
for the reductiveness, consult [LB, Prop.17.3.6]. The proof therein generalizes to
any polarizable Hodge structure.

We give a name to those polarizable Hodge structures whose Hodge group has
trivial semi-simple part.

Definition 1.1.7. A Hodge structure is of CM-type if it is polarizable and its
Hodge group is an algebraic torus, i.e. commutative.

We will be very interested in the algebra F':= Endpg(y) V' in the sequel. These
are the Q-endomorphisms of V' which commute with Hg(V'). The reason for our
interest is that F' turns out to be the endomorphism algebra of an abelian variety
X if one considers the Hodge structure on H'(X,Q). We extend elements of F
C-linearly on V. A characterization of F' is the following easy fact.

Proposition 1.1.8. Let V be a Hodge structure and f € Endg V. Then f com-
mutes with Hg(V) if and only if f preserves the Hodge structure on V.

Proof. If f commutes with Hg(V), then f also commutes with h(S!). Hence for
any vP? € VP9 and z € S! we have

h(z) o f(v79) = f o h(z)(v79) = f(2P200P7) = 2P2 f(uP1).

It follows that f(vP?) € VP4,

Conversely, consider the centralizer M of f in GL(V,C). Obviously, M is an alge-
braic group defined over Q as f is defined over Q. Moreover, M (R) contains h(S'),
since f preserves the Hodge structure on V. It follows that Hg(V) is contained in
M, which ends the proof. (I

The following fact establishes the relationship between irreducible Hodge struc-
tures and CM-fields.

Proposition 1.1.9. Let V' be a non-trivial irreducible Hodge structure. Then it is
of CM-type if and only if F := Endyg vy V is a CM-field and dimp V = 1. In this
case we say that the Hodge structure V is of CM-type over F' .

Proof. In [Abd] it is shown that if V' is a non-trivial (see Definition 1.1.4) irreducible
Hodge structure of CM-type, then F' is a CM-field. Further, the commutativity of
Hg(V) implies that all elements of Hg(V') are simultaneously diagonalizable over
C. Hence its centralizer in End¢ V¢ contains all diagonal matrices. It follows that
its centralizer in Endg V must be a Q-algebra of dimension equal to dimg V. This
shows dimgp V = 1.
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Conversely, let V' = Fuy be any isomorphism. Then the action of Hg(V) on V
is determined by its action on vg. Hence there is an inclusion Hg(V)(Q) — F,
and Hg(V)(Q) is commutative. Now we show that Hg(V)(Q) lies in the center
of Hg(V)(C). Indeed, by definition, F' commutes with h(S'), hence A(S') in turn
commutes with Hg(V)(Q). On the other hand, the centralizer of Hg(V)(Q) in
GL(V,C) is defined over Q, and by what we just said contains h(S'), hence the
whole Hg(V') is contained in the centralizer of Hg(V)(Q) by the very definition of
the Hodge group, i.e.

Hg(V)(C) c {M € GL(V,C) | [M,Hg(V)(Q)] = 0}.
This shows
Hg(V)(Q) C Center(Hg(V)(C)) = Center(Hg(V))(C).

As well known, Hg(V)(Q) is dense in Hg(V)(C) (see [Sp, Cor. 13.3.9] or [Hm,
Thm. in §34.4]), and Center(Hg(V))(C) is a closed algebraic group defined over Q
(see in [Hm, Cor. §8.2]), hence

Hg(V)(C) = Hg(V)(Q) C Center(Hg(V))(C).
This shows the commutativity of Hg (V). O
More generally for not necessarily irreducible Hodge structures we have the fol-
lowing

Proposition 1.1.10. Let V be a polarizable Hodge structure which decomposes into
a direct sum of polarizable irreducible Hodge substructures as follows:

where V" is r; copies of V; and all V;’s are pairwise non-isomorphic. Then V is
of CM-type if and only if all V;’s are of CM-type.

Proof. Put
Vi=Vi®-- @V,
the decomposition (1.1.2) implies an isomorphism and an inclusion
Hg(V) = Hg(V') — Hg(V1) x - -+ x Hg(Vy,).

Now it is obvious that if all V;’s are of CM-type, then Hg(V’) must be commutative.
This proves one direction of the claim.

Conversely, let Hg(V') be commutative. The following composition of group
homomorphisms:

Hg(V') — Hg(V1) x -+ x Hg(V,,) == Hg(V;)

is surjective for all i, where 7; denotes the projection on the i-th factor. This is
because the restriction of the action of S' on V' to each Vj is exactly the Hodge
structure on V;. It follows that all Hg(V;) are commutative. O

This proposition has as consequence Proposition 1.2.6 in the next section.
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1.2. Weight 1: abelian varieties.

In this paragraph we specialize to Hodge structures of weight 1. Our goal is to
prove Proposition 1.2.16 and Theorem 1.2.17. Hodge structures of weight 1 have a
beautiful geometric meaning (see [H4, Prop.3.C.10,3.C.11]):

Proposition 1.2.1. There are bijections
{rational Hodge structures of weight 1}/{isom.} RELN {complex tori} /{isogenies}
Vi— VW
HY(T,Q) — T,

where W is a mazimal Z-module in V and projects injectively into V0.
{polarizable rational Hodge structures of weight 1}/{isom.}

L, {abelian varieties} /{isogenies}.

We write for a complex torus T
Hg(T) := Hg(H' (T, Q))

and define

Definition 1.2.2. An abelian variety X is of CM-type if the Hodge structure on
HY(X,Q) is of CM-type.

This is not the first definition of abelian variety of CM-type. Historically, com-
plex multiplication is a term to designate those abelian varieties X whose endo-
morphism algebra Endg X is as big as possible. There are a few equivalent ways
to view the endomorphism algebra of a complex torus T = C"/T":

End(T) :={f:T — T | f holomorphic and
preserves the (additive) group structure of T'}
={f:C" - C"| f is a C-linear map and f(I') CT'} (1.2.1)
={f:T =T | fI =1f, where I is the complex structure of T,

considered as an element of Endg I'g with I? = — Id}

Put Endg T := End(T) ®z Q. The relationship between Endg T and the Hodge
structure on V := HY(T, Q) is established by the following

Proposition 1.2.3 (Torelli Theorem). Let T be a complex torus. Denote V :=
HYT,Q). We have

EndgT = {f € Endg V' | f preserves V'°}.
By Proposition 1.1.8 we see the well-known fact
Proposition 1.2.4. Let T be a complex torus. Denote V := HY(T,Q). We have
Endg T = Endyg vy V
as Q-algebras.
Together with Proposition 1.1.9 we have easily

Proposition 1.2.5. A simple abelian variety X is of CM-type if and only if Endg X
is a CM-field.
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Historically this was the first definition of a simple abelian variety of CM-type
(i.e. Endg X is a CM-field). Mumford showed its equivalence to the commutativity
of the Hodge group. His approach has the advantage to be generalizable to Hodge
structures of higher weight which correspond to other geometric objects. More
generally for not necessarily simple abelian varieties it is known by [Mm2, §2] or
simply by Proposition 1.1.10 that

Proposition 1.2.6 (Mumford). Let X be an abelian variety. The following con-
ditions are equivalent:
(i) X is of CM-type (i.e. Hg(X) is commutative).
(ii) X is isogenous to the product of simple abelian varieties of CM-type.
(iii) Endg X contains a commutative semi-simple Q-algebra of dimension equal
to 2 - dim¢ X.

If one strengthens the condition (iii), one gets (see [Sh2, §5] or [L, §2])

Proposition 1.2.7. If Endg X of an abelian variety X of dimension g contains a
number field of degree 2g over Q, then X is isogenous to a product B X - -+ X B with
a simple abelian variety B of CM-type.

However, the case where Endg X is a CM-field is rather exceptional. We present
Albert’s classification. It is necessary for the second proof of Theorem 1.2.17 and
also for the understanding of the Hodge structure on the transcendental lattice of
a K3 surface. In general Endg X of a simple abelian variety X is a division algebra
of finite rank over Q endowed with a positive anti-involution. The latter structure
is due to the presence of a Rosati involution. Recall that an involution f +— f? on
a division algebra A with center K is called positive, if the quadratic form

trajg f7f = Triig(traix f7f) (1.2.2)

is positive definite, where tr 4 x denotes the reduced trace of A over K, and Trg g
denotes the usual trace for the field extension K|Q. Albert gave the classification
of such division algebras A (see [LB, Thm 5.5.3, Lemma 5.5.4 and Prop. 5.5.5]):

I. A =totally real number field, left invariant by the positive anti-involution.
II. A =totally indefinite quaternion algebra, there is an element a € A whose
square a? is in its center K and is totally negative (i.e. is a negative real num-
ber under any embedding K — R), such that the positive anti-involution
f— f7is given by f7 = a(trax f— f)a™'.
ITII. A =totally definite quaternion algebra, and f — f% is given by f% =
trax f—f.
The first three algebras are of the first kind, i.e. the center is a totally real number
field and coincides with the subfield fixed by the involution.

IV. The center K of A is a CM-field. The positive anti-involution restricted to
K is the complex conjugation.

This is called the second kind, since K is not invariant under complex conjuga-
tion. Being of CM-type for a simple abelian variety is precisely when F' = K is
commutative and is of rank 2 - dim¢ X, and in this case it is a CM-field.

We give two examples:

Example 1.2.8. Let F := C/Zwy & Zw; be an elliptic curve. We show the well-
known fact that E is of CM-type if and only if :—é lies in an imaginary quadratic
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number field Q(y/—D). Indeed, an element v € Endg E as in (1.2.1) is of the form
v:C—C
Wo —— YW = a1wp + awi
Wi YW1 = azwo + a4wi

with {a;} C Q. Obviously, v lies in Q if and only if as = ag = 0,a1 = a4 = 7.
Suppose now as # 0 (or equivalently as # 0). Then we have

(y—a1)wo = asw; and (7 — a4)w; = azwp.

Hence
“Yr_ T4 9
Wo az Y aq
Since Im £ # 0, we see that v lies in some Q(v'—D), D € N* with Im~ # 0, and

hence £ € Q(v—D). Conversely, if & € Q(v/—D), it is easy to see that /—D

preserves Qwy @ Qw;. It follows that Q(v/—D) C Endg F, hence the equality as
Endg E cannot be of higher rank.

Remark 1.2.9. We give an abelian surface which shows that Gukov and Vafa’s
definition of complex multiplication (see [GV, §7.1]) is looser than ours. They say
that a complex torus T' = CY/(1 T)Z?9, where T is a g x g complex symmetric
matrix, “admits complex multiplication” if there is a non-trivial endomorphism
A € GL(g,C) and integer matrices M’, N, M, N such that N has rank g and
A=M+NT andTA=M'+ N'T.

Let us consider the following 2-dimensional complex torus

o2 1 0 a b 4
X'_C/<0 1 b o)

where a = v/1 + v/2i and b = v/2i. We have a2 — b2 = —1. Set

T:<Z Z),A:(_ab _ba>7M:0,N:<(1) _01>7M’:((1) é),N’:&

we see that X “admits complex multiplication” in Gukov-Vafa’s sense.
On the other hand we show that X is isogenous to the following product of two

elliptic curves:

-1+0 44 3a

Z 7® ——-7.
o X e

In view of Example 1.2.8 neither E; nor Fs is of CM-type, hence X is not of
CM-type in our sense.
For an isogeny X’ — X consider the following invertible C-linear map

. a 5a+4b . 2 ~ 2
L <b+1 3+5b+4a> e—=C

Denote by I" the lattice of X, i.e.

F:Z(é) @Z(?)@Z@)@Z(Z) =: Zwy ® Zws @ Zws & Zwy

and by IV the lattice of X’, i.e.

! 1 =1Eh O 0 / / !/ /
vieno)ez(Th ) 22 (7) o2 () 2t et et wnd
a

X/ = E1 XE2 = (C/Z@
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We see that
90(0.1’1) ZWQ+W3, sp(wé) = 7@14’&)4,
<P(wé) = 3ws + bws + 4wy, gp(wfl) =w; + %WQ 4 %w&

That is p(I'y) = I'g. Hence ¢ is an isogeny. We used Ruppert’s method (see [LB,
§10.6]) to determine that X is isogenous to a product of elliptic curves. Then an
explicit isogeny is easy to find.

The next three propositions can be read from [Mm3, §22]. We first present
Shimura’s construction of abelian varieties of CM-type from a given CM-field K
such that Endg X contains K (see [Sh2]). It is used in the proof of Theorem 1.2.17.

Proposition 1.2.10 (Mumford). For any given CM-field K there is an abelian
variety of CM-type X such that there is an inclusion K — Endg X.

Proof. Denote by S the set of embeddings K < C. We have a decomposition
Kc=KagC=K", (1.2.3)
peS
where K7 is the eigenspace of the character p under multiplication, in other words
K’ ={x € Kc|a z=pla)zr,Va € K}.
To each choice of CM-type ® one can define a Hodge structure of weight 1 on K
Ke=PKro@PK =K"aK" (1.2.4)
pED €D

One finds a polarization as follows. We need a generator n of K over K such that
n? € Ky is totally negative and Im p(n) > 0,Vp € ®. Such 7 exists. Indeed, let
n be as in Lemma 1.1.2. If n does not already satisfy Im p(n) > 0,Vp € @, by
the Approximation Theorem (see [Wae]) there is o € Ky such that an satisfies the
condition. Extend all the embeddings C-linearly. For v, w € K¢ define

E(v,w) =" p(n)(p(v)p(w) — p(v)p(w)). (1.2.5)
pcd
It is anti-symmetric. Moreover, as p(n) = —p(n), we have for v,w € K,
E(v,w) = Trgg(nvw) € Q.
Since p(K%!) =0,Vp € ®, we have
E(K'Y" K'Y =0 and E(K"', K%Y =0.
The positivity can be shown for any v'% # 0 € K10
T B0 =3 (<i)p(n) o)) > 0
PE® S T

by the choice of 7. Hence E is a polarization. This polarizable Hodge structure
corresponds to an isogeny class of abelian varieties by Proposition 1.2.1. Let X be
a representant of this isogeny class. Clearly, C-linearly extended multiplication of
K on K¢ respects the Hodge structure (1.2.4) as it preserves each K?. Hence by
Proposition 1.1.8 we have

K C Endpgxy) K or K C Endg X.
By Proposition 1.2.6 X is of CM-type. U
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In general, however, X is not simple, since V may not be an irreducible Hodge
structure. Moreover, if X is not simple, it may not be constructible in this way.
One can easily show

Proposition 1.2.11 (Mumford). The abelian variety X constructed above is simple
if and only if there is no proper subfield L of K satisfying

(a) L is a totally complex quadratic extension of L N Ky, and

(b) ifai‘Lng = Uj’LﬂKo then Ui’L =0j|,,V0i,0; € D.

Simple abelian varieties of CM-type are however all constructible in this manner.

Proposition 1.2.12 (Mumford). Any simple abelian variety of CM-type over a
CM-field K is isogenous to one of the type constructed in Proposition 1.2.10.

Proof. By Propositions 1.1.9 and 1.2.1 we have an isomorphism V := H'(X,Q)
K where K is a CM-field. The Hodge decomposition induces a decomposition

Hl’O(X) o) Ho’l(X) _ Kl,O o KO,I.

Two different isomorphisms ¢,7 : V' = K induce isomorphic (rational) Hodge
structures on K. This does not change the isogeny class of X. On the other hand,
we also have K¢ = @®,csK” as in (1.2.3). We show that either K¥ C K0 or
K? C K%' (hence the complex structure of X determines a CM-type ®). Let
x # 0 € K* and write z = 1'% + 2%, Then we have

a-x = pla)r = p(a)z™® + p(a)z®'.
Since K = Endyg(y V, multiplication by K preserves the Hodge structure, hence

1,0 201

a9 = p(a)x and a-z%' = p(a)
It follows that both ™% and z%! lie in K”. But K” is one-dimensional, so z!:°
and %! must be linearly dependent. This implies that either z''° = 0 or %! = 0.
Hence we obtain a CM-type
d:={pecS|KcK"}
Now the claim is clear. (|
We give an example of this construction which will be again used in Section 2.3.

Example 1.2.13. Consider the cyclotomic field K := Q(£),£% = 1,€ # 1. It
is a CM-field and satisfies the conditions in Proposition 1.2.11. Indeed, the only
possibility for L would be an imaginary quadratic extension over Q and LN Ky = Q,
then the condition (b) would not be satisfied. Denote w := e, one can write the
four embeddings of K into C as

op:E—wh, k=1,...,4.

One has 01 = 54 and 03 = 3. Choose the CM-type ® = {01, 02} and choose the
lattice to be the ring of integers

I = O = Z[¢].

The complex torus X := C?/®(Of) is then a simple abelian variety of CM-type
over K.

Now we are near to the proof of Theorem 1.2.17 which says that on an abelian
variety, complex multiplication is equivalent to the existence of a constant rational
Kahler metric. The latter notion is defined as follows
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Definition 1.2.14. We call a (constant Riemannian) metric G on a real torus T
rational if G only takes rational values on the lattice H1(T,Z) of T. A rational
Kahler metric G on a complez torus T is a rational metric on the underlying real
torus and is compatible with the complex structure I of T, i.e. G(-,-) = G(I-,I-).

Let us first consider the example of elliptic curves.

Example 1.2.15. In Example 1.2.8 we showed that an elliptic curve £ = C/Z®7Z
is of CM-type if and only if 7 lies in an imaginary quadratic field Q(v/—D). We
also know that on an elliptic curve there is up to scaling only one Kahler metric.
Let us write

H(E,Z) =: Zey ® Zes, with eg = Tey.
We claim that the following matrix represents a Kéhler metric in the basis {e1,es}:

1 Rert
] = <Re T 7T > ’
This matrix is clearly symmetric and positive definite. We show that it is compatible

with the complex structure I. Denote the period matrix by Il = (1 7), then I in
the basis {e1,es} is given by the matrix

1 = E_l i 0\ (I _ 1 (Rer 77
O\ 0 —i)\II)  Im7\ -1 —Ret/’
One verifies easily
1[G = [G).
Hence G is Kdhler. We see that [G] is a rational matrix if and only if 7 € Q(v/—D).
Its corresponding Kéhler form is

L=l = (e, T57)-

It is though not rational. The canonical rational Kéahler form which makes an
elliptic curve algebraic is a rational multiple of

(0 -1
wl= (1 %)

We show that this phenomenon is also true for higher dimensional abelian va-
rieties. Let us start with the following proposition. Recall first the definition of a
Cartan involution. Let G be a connected algebraic group defined over R and denote
by x — Z the complex conjugation on G(C). An involution 6 of G is said to be
Cartan if the group

GOR):={z € G(C) | = =0(z)}
is compact.

Proposition 1.2.16. An abelian variety X is of CM-type if and only if Hg(X)(R)
18 compact.

Proof. On Hg(X)(R) we have the conjugation by h(7)
Adh(i) : Hg(X)(R) — Hg(X)(R)
M — h(i)Mh(i)~*,
where h denotes the action of S* on H!'(X,R). As shown in (see [Del, §2]), Ad h(i)

is a Cartan involution. If Hg(X) is commutative, then Ad k(i) is just the identity
map, and hence Hg(X)(R) is compact by the very definition of Cartan involutions.
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Conversely, if Hg(X)(R) is compact, then the identity map is a Cartan involution.
By [Sat, Chap.1 Cor. 4.3] any two Cartan involutions of a connected reductive
real algebraic group G are conjugate to each other by an inner automorphism of
G. As mentioned in Proposition 1.1.6 Hg(X) is connected and reductive. Hence
we have Adh(i) = Id on Hg(X)(R). This means in particular that for every Q-
point N € Hg(X)(Q) we have Nh(i) = h(i)N. Since the Hodge structure on
HY(X,Q) is of weight 1, N commuting with k(i) implies that N respects the Hodge
decomposition H(X,C) = H'9(X)®H%'(X). Hence N commutes with the whole
Hg(X) in view of Proposition 1.1.8. Whence we have

Hg(V)(Q) C Center(Hg(V)(C)) = Center(Hg(V))(C).

Now repeat the same arguments at the end of the proof of Proposition 1.1.9 to
conclude that Hg(X)(C) is commutative. This shows the claim. O

Now we show

Theorem 1.2.17. An abelian variety X is of CM-type if and only if X admits a
constant rational Kdhler metric.

Proof. <: First suppose G is an arbitrary constant Kéhler metric on X. Then for
all z =z +yi € S' we have

G(h(2)o, h(=)w) = G((x + yI)v, (2 + yDw) = (@2 +y?)G(v, w) = G(v, w),

in other words, h(S') C O(G,R). If G is moreover rational, then O(G) is an
algebraic group defined over Q, whose R-points contain h(S'). Hence Hg(X) is
an algebraic subgroup of O(G), and in particular Hg(X)(R) C O(G,R). Therefore
Hg(X)(R) is compact, and X is of CM-type by Proposition 1.2.16.

=: If X is of CM-type, then X is isogenous to a product of simple abelian
varieties of CM-type by Proposition 1.2.6. So we may assume X is simple. By
Proposition 1.2.12, X is then isogenous to a simple abelian variety of CM-type
with a Riemann form E as in (1.2.5). It allows us to define the following bilinear
form on the tangent space:

G(z,w) :== E(z,nw) = Trgq(—n°20).

We see that G is compatible with I (as FE is), rational, symmetric, and positive
definite (as —n? is totally positive). The existence of a rational Kihler metric is
preserved under isogeny, this completes the proof. O

Now we adopt the approach of endomorphism algebras to consider simple abelian
varieties of CM-type and eventually give a second proof of < of the last theorem.
This approach has the advantage of exhibiting more clearly how a rational metric
endows Endg X with additional structures which force Endg X to be very “big”.

Let us put F' := Endg X, V := H;(X, Q) and denote by wy a (rational) polariza-
tion of X, which always exists, since X is algebraic. The index 0 is to distinguish it
from the Kéhler form w = GI, which is in general not rational. This was illustrated
in Example 1.2.15. Further we denote by f — f’ the Rosati involution with respect
to wp and by G the Kéhler metric associated to wy.

The presence of a rational Kéhler metric induces two new structures on F':

e A linear map 1 € End V' determined by
G(--) = wo(n,"). (1.2.6)
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e An involution f +— f& on EndV defined by
G(fv,w) = G(v, fCw).
They have the following properties:
Lemma 1.2.18. (i) ne F.

(ii) n' = —n.
(iii) f f9 defines a positive anti-involution on F.
(iv) The involution f +— fC and the Rosati involution are conjugate to each

other by n, i.e. f¢ =n"1fn VfeF.
Proof. (i) Since wy and G are compatible with I, we have for all v,w € V:
wo(nlv, w) = G(Iv,w) = —=G(v, [w) = —wo(n, [w) = wo(Inv, w),

hence nI = In, i.e. n € F by (1.2.1).
(ii) Since wo(nv,w) = wo(v,n'w), it suffices to show wy(nv, w) = —wp(v, nw) for
all v,w € V. This follows from

1 1

wo(n™ v, w) = —wo(w,n~"v)

=—-G(n"'w,n"v)
= —G(n v, w)
= 7W0(Ua7771w)'

(iii) If f € F,ie. fI =1If, then (fI)¢ = (If)¢ and hence I9f% = fCI%. As
I€ = —T we get If¢ = fCI,ie. f& € F. Next we show that f — f¢ defines a
positive anti-involution, i.e. trp|g fEf>0forall f#0¢c F. Since F acts on V,
one has V = ™ and f acts on F" by left multiplication on each component. On
the other hand, the action of F' on itself by left multiplication has trace d - trp|x f
over its center K, where trp g is the reduced trace and d? is the degree of F over
K. Denote by Tr f the trace of f € F', when considered as an endomorphism of V.
Then we have

Trf=m-d Trgg(trpr f) =m-trpg f, Vf€EF. (1.2.7)

In an orthonormal basis with respect to G, f is just the transposed matrix of f,
hence Tr f¢f > 0, Vf # 0 € F. Then (1.2.7) implies that the involution induced
by G is positive.

(iv) This follows immediately from

wo(f'mu,w) = wo(nu, fw) = G(v, fw) = G(va,w) = wo(nva,w)
for all v,w € V, which yields nf¢ = f'n. O

Since Albert classified Endg X of a simple abelian variety X, we first prove

Lemma 1.2.19. If a simple abelian variety X admits a constant rational Kdhler
metric, then Endg X is a CM-field, i.e. X is of CM-type.

Proof. We proceed by elimination of other types of algebras using Lemma 1.2.18.

Type I is already made impossible by (i) and (ii) of Lemma 1.2.18. On Type
IIT algebras there is a unique positive anti-involution (see [Sh1, Prop. 3]), hence
f' = f¢. Then Lemma 1.2.18 (iv) implies that 7 lies in K, in contradiction with
Lemma 1.2.18 (ii).
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On Type II algebras, positive anti-involutions are not unique and they are all
of the form given in Albert’s classification mentioned earlier. Let us write f* :=
trpx f — f, then

f'=aiffart and fY =asffas’,
for some a; and ay in F. Then f¢ = agal_lf’ala;l, and, hence, n = ealaz_l for
some € in K. On the one hand, n” = —n by Lemma 1.2.18 (ii), and on the other
hand, in view of af = —a; (since a? € K and a; ¢ K), we have
0 = eaz"'d)

P 1

= eay(ay ')Pay tarafay
= ear(~ay ')(~ar)ay’

= eam;l

= '[”.
A contradiction.
So it remains to deal with the Type IV algebras. Recall that the center K of F
is a CM-field. Let us write as before V := H;(X,Q), and denote by 2m the rank

of K over Q and put n := Z. We shall show n = 1, which implies that X is of
CM-type. With respect to I there is the splitting

Ve = vl g vol (1.2.8)

We extend the action of F' on V' R-linearly onto Vg and denote by p its action on
V10 under the isomorphism V0 = Vg. Since K is commutative and since there
is an isomorphism V = K™ the action of K on V diagonalizes on V¢, and the
diagonal entries are exactly n copies of the complete set of 2m embeddings of K
into C. The splitting (1.2.8) then implies that p(K) even diagonalizes on V10 i.e.
there is a complex basis {e1, ..., ey} of Vg, with respect to which, for all z € K we
have p(z)e; = pi(x)e;, where U := {p1,...,py} are embeddings of K into C.

We show that p; and p; can not both belong to W. As before let us denote
by f +— f©& the involution induced by G and by f +— f’ the one induced by wy.
According to Theorem 5.5.6 in [LB] there is a positive anti-involution x +— & of the
second kind on F' and for every o : K — C there is an isomorphism

0: F®,C - My)

such that x — # extends via ¢ to the canonical anti-involution A — A’ on My(C)
(here d comes from [F : K] = d?). Any other positive anti-involution on F is of the
form

T aia”t
with a € F,a = a and such that ¢(a ® 1) is a positive definite hermitian matrix in
M4 (C) for every embedding o : K < C. So for the two induced involutions which

we have, we can write
f@=afart and f =asfa;’.
But since f' = n~! f%n as shown in Lemma 1.2.18 (iv), we see that
n = aza; ‘e,

for an element € in the center K. Further, since ' = —n we see that ¢ = —e.
Now because G(-,-) = wo(n-,-) is positive definite and aga; ' is a positive definite
hermitian matrix under ¢, the bilinear form

G’(.) ) e w0(€~, )
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is also positive definite and hence is a rational Kéahler metric. Since ¢ € K and
¢/ = —e it follows that p(e) has only purely imaginary diagonal entries, as the
Rosati involution restricted to K is just the complex conjugation. Now suppose

p2 = p1. Since G’ is positive definite on Vi, we have
0 < G'(e1,e1) =wo(p(e)er, er)
= wo(p1(€)er, e1)
= Im(p1(€))wo(ler,e1)
= Im(p1(€))Go(e1, €1),
and hence Im(p1(e)) > 0. On the other hand,
0 < G'(e2,e2) = wo(pa2(€)ez, e2) = —Im p1(e)Go(ea, €2).

A contradiction. It follows that ¥ consists exactly of n copies of a CM-type & :=
{o1,...,0m} of K.
Now we show that this implies

I e K®gR, (1.2.9)

or equivalently, p(I) € p(K) ®g R, where K ®qg R is considered as a subspace of
F ®g R. Since p(I) is just the multiplication by i on V1Y and as we showed that
U consists of n copies of @, (1.2.9) amounts to show that there is a unique element
z € K ®q R, such that for all o; € ® we have o;(x) = 4. This is clear due to the
isomorphism:

K®gR = C™
ar— (o1(a),...,om(a))’,
where we extended o; R-linearly.
Finally, as K acts by left multiplication on each copy of K under the isomorphism
V = K™ and hence leaves each copy invariant, (1.2.9) implies that I leaves each

copy of K ®gR invariant under the isomorphism Vg = (K ®gR)™. By the simplicity
of X we get n = 1. This is what we wanted to show. O

Remark 1.2.20. From the proof above, one sees that € can be taken as (3 to define
the Riemann form E in (1.2.5). Moreover, we could also conclude the proof above
by pointing out that (1.2.9) means nothing but that the Hodge group Hg(X) is
contained in K, which implies immediately that Hg(X) is commutative and hence
X is of CM-type.

Now we give

The second proof of < of Theorem 1.2.17. It suffices to reduce the problem to sim-
ple abelian varieties. Indeed, according to Poincaré’s Complete Reducibility The-
orem, any abelian variety X is isogenous to a product of simple abelian varieties.
If G is a rational Kahler metric on X, then it is a such restricted on each of the
simple factors. Hence every simple factor is of CM-type in view of the last lemma.
This implies immediately that X is of CM-type. O

Now we give another interpretation of Theorem 1.2.17 in terms of the twistor
space.

Corollary 1.2.21. Let T be a real torus with a flat rational Riemannian metric
G. Then with respect to any complex structure I which is compatible with G and
provided that the complex torus T := (T, I) is algebraic, T is of CM-type.
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1.3. Weight 2: K3 surfaces.

In this section Proposition 1.3.14 and Theorem 1.3.18 provide an answer to
the first part of the question (QK3) posed in Introduction. The question will be
made clearer after introducing necessary notions. Roughly speaking, we want a
similar statement as Corollary 1.2.21 by replacing T by the underlying differential
manifold M of a K3 surface and the Riemannian metric by a three-dimensional
positive definite subspace V of H?(M,R). The question is which conditions on V'
shall play the role of rationality.

In general, for weight 2 we don’t have a such correspondence between Hodge
structures and geometric objects as for weight 1. However K3 surfaces are to a large
extent determined by the Hodge structure on their second cohomology H?(Y,Q)
(although for mirror symmetry we need the whole cohomology as we will see in
Section 2.4). We first review a few well-known facts about K3 surfaces.

By a K3 surface we mean a simply connected compact surface with trivial canon-
ical bundle, i.e. Ky = Oy and the first Betti number b1 (Y) = 0. As immediate
consequences, its cohomology stops at H*; H' and H? are trivial (equal to 0); H°
and H* are 1-dimensional; and H? is 22-dimensional. The whole cohomology is
hence

H*(Y,Q) = H(Y,Q) & H*(Y,Q) & H'(Y, Q).
The Hodge decomposition on H?(Y,Q) is due to
h*O(Y) = hO(Y, Ky) = h°(Y,Oy) = 1
also clear:
H*(Y,C) = H**(Y)o HY (V) @ H*?*(Y) = Co @ HV'(Y) @ Co.
We extend this Hodge structure on the whole H*(Y, Q):
H*(Y,C) = H*(Y) & (H"'(Y) & H'(Y,C) & H*(Y, C)) & H**(Y)
= H*°(Y)® HY(Y) @ H*2(Y).
In general H2(Y, Q) is not an irreducible Hodge structure. Indeed, put
NS(Y):= H " (Y)n H*(Y, Z).
It is called the Néron-Severi group of Y . Tensored with Q, it is
NS(Y)q = NS(Y) ®2Q = H" (V) N H*(Y, Q).
Its rank p(Y) :=rk NS(Y) is called the Picard number of Y . Clearly, NS(Y)g @
HO(Y,Q) ® H*(Y,Q) carries a trivial Hodge substructure of weight 2 of H*(Y,Q)
i.e. no (2,0)- and (0,2)-parts, hence the Hodge group is trivial (see Definition 1.1.4).
Besides the Hodge structure, we also have the Mukai pairing on H*(Y,; Q). Con-
sider the following product of « = ap + e + a4 and 8 = g + 02 + B4 € H* (Y, Z):
a Ay Bi=—agABs+ s ABa—ay APy € HY(Y,Z).
Let w be a generator of H*(Y,Z) with the orientation determined by o A & =
Aw, A > 0. Then the Mukai pairing (,) is defined by
aApy B =:{a,Bw. (1.3.1)

With respect to (,) we can consider the orthogonal complement T' of NS(Y)g &
HO(Y,Q)® H*(Y,Q) in H*(Y,Q). It is called the (rational) transcendental lattice.
Then T carries a Hodge substructure, namely

TC — TQ,O D Tl,l & TO,Q
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with 729 = H>%(Y) = Co. From [Za] we know

Proposition 1.3.1. The Hodge structure on the transcendental lattice T is irre-
ducible.

Proof. Let 0 # M C T be a Hodge substructure. Then
M?>% = McnT>.

Either M?? = 0, i.e. M C T%!, this would imply that M also lies in H%(Y,Q),
and hence in NS(Y)q, which is impossible; or M%° = 0. But since T2 is one-
dimensional, we must have M2? = 720 | Then the orthogonal complement of M
in T must lie in T%', which is also impossible by the same argument as before.
Hence M =T and T is irreducible. U

We want to say that a K3 surface is of CM-type if the Hodge structure on T is
of CM-type. In order to make sense of this definition we have to look at the Mukai
pairing more closely to find out when 7" is polarizable.

From the definition of the Mukai pairing (1.3.1) we see that it restricts to the
intersection form on H?(Y,Z), which we also denote by (,). By Poincaré duality,
H?(Y,Z) is unimodular with respect to (,). Moreover, by [BV, Exposé IV], (,) is
even (i.e. (z,7) =0 mod 2,Vx € H?(Y,Z)). The classification of even unimodular
indefinite lattices gives then an isometry

HA(Y,Z) = HY & By(~1)°2,
where H is the hyperbolic plane and Eg(—1) is the lattice Eg with its intersection
form multiplied by —1. The piece H°(Y,Z)® H*(Y,Z) is orthogonal to H?(Y,Z) in
H*(Y,Z) , and the Mukai pairing makes it into H(—1). We have then an isometry
H*(Y,Z) = H®® @ Eg(-1)®? @ H(-1).
The signature of (,) is (4,20). Because {¢,0) = 0 and (0,5) > 0, {,) is positive
definite on the 2-dimensional real vector space
RReo @ RImo = (T?° @ T%%) N Tk.
Now we show a well-known fact (see [Za]):

Proposition 1.3.2. If a K3 surface Y is projective, then the Hodge structure on
T 1is polarizable.

Proof. The projectivity of Y is equivalent to the existence of a rational Kéahler
class, i.e. an element x € NS(Y)g with in particular (z,z) > 0. Then on T, ()
has signature (2,n — 2). It is positive definite on (7% @ T%2?) N Tk as we already
mentioned, and hence negative definite on 71! N Tk. Set

B(,) =),
we have then
E(T”9,T™*)=0unless r =q and s =p
due to the same property of (,). We also have for any a7 # 0 € TP?
i2E(2*°, 220) = (%0, 220) > 0, and
iT2E(xbt b)) = (2b1 2LT) > 0.
Therefore E is a polarization on 7. O

So it makes sense to define
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Definition 1.3.3. Let Y be a projective K3 surface with transcendental lattice
T. We say that Y is of CM-type over (a CM-field) K if the (irreducible) Hodge
structure T is of CM-type over K.

Henceforth by a K3 surface of CM-type we always mean a projective K3 surface.
In view of Proposition 1.1.9 we have immediately (see [Bor])

Proposition 1.3.4 (Borcea). A K3 surface Y with transcendental lattice T is of
CM-type if and only if F := Endygy T is a CM-field and dimpT = 1.

In [Za] Zarhin gives all the possible endomorphism algebras F' := Endyg7) T
The situation here is simpler than for abelian varieties. Indeed, the irreducibility
of the Hodge structure T implies that F is a division algebra (otherwise, the kernel
or the image would be a non-trivial Hodge substructure). Moreover, 7% induces
an embedding:

€: F < EndcT?° >~ C.
Hence F' is commutative and is a number field. The intersection form (,) induces
a positive involution ' on F' by adjunction, i.e. for a € F":
(az,y) = (x,d'y), Vz,yeT.

By Albert’s classification given in Section 1.2, the pair (F)") can be

(a) either a totally real number field with the identity as the trivial involution,

(b) or a CM-field with complex conjugation as the involution.
Note that F' being a CM-field is not sufficient for T' to be of CM-type (i.e. Hg(T)
to be commutative), the condition dimp T = 1 is necessary.

Example 1.3.5. We show the well-known fact that any attractive K3 surface
is of CM-type. A K3 surface Y is called attractive or sometimes supersingular if
p(Y) =20 (it is in particular projective). This condition implies that
Te = H*°(Y) @ H2(Y)
and (,) is positive definite on T. We show that this decomposition is defined over
a quadratic CM-field.
Let {e1, ez} be an orthogonal Q-basis of T'. Let
o:=e1+ ez, A €C\R
be a basis vector of H2°(Y'). Then
0=(0,0) = (e1,e1) + Aj{e2, €2)
<617 61>
(€2, €2)
Hence Q(A2) is a CM-field and o lies in T' ®g Q(A2). There is an action of Q(A2)
on T as follows:

=\ = < 0.

M:T —T, e r— /\%62, eg — eq.
Then
)\2(0’) = /\%62 + Aoeg = )\2(61 + )\262) = A\q0.
So Ag preserves H*?(Y'). Hence
@()\2) = El’lng(T) T and dim(@()\z) T=1.

This shows that Y is of CM-type over Q(\z). Note the arithmetic property of the
coefficients {1, A2} of 0. They generate the CM-field Q()\2) as a Q-vector space.
This generalizes to K3 surfaces of CM-type with any Picard number. Proposition
1.3.14 gives the exact statement.
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Example 1.3.6. We show that the Kummer surface Y := Km(X) associated to an
abelian surface X of CM-type is of CM-type. As well known (see [BPV, Chap.VIII
§5]), there is an inclusion of Hodge structure of weight 2

v H*(X,Q) — H*(Y,Q).

The Hodge structure on H?(X,Q) is induced by the one of H'(X,Q) as follows.
If hg : S' — SL(H'(X,R)) is the Hodge structure on H'(X,R), then the Hodge
structure on H2(X,Q) is

h:S' — SL(H?*(X,R))
z +— h(z) := ho(2) A ho(2).
Write
T(X):=(H""(X)NH*(X,Q)" and T(Y):=NS(Y)g,
then ¢ restricts to a Hodge isomorphism
L T(X) = T()
(though not an isometry). So we have
Hg(T'(X)) = Hg(T(Y)).
Since the Hodge group fixes the algebraic part, we have
Hg(T'(X)) = Hg(H*(X,Q)).

By what we said earlier about the Hodge structure on H?(X,Q), we have an inclu-
sion
Hg(H*(X,Q)) C Hg(H'(X,Q)) x Hg(H' (X, Q)).

Hence the commutativity on the right hand side implies that Hg( H?(X,Q)), Hg(T(X))
and hence Hg(T(Y)) are commutative. This shows the claim.

Example 1.3.7. The Kummer surface associated to the product of two elliptic
curves of CM-type over the same CM-field Q(v/—D) is attractive and of CM-type
over Q(v/—D).

The Kummer surface associated to the product of two elliptic curves of CM-type
over two different CM-fields Q(v/—D1) respectively Q(v/—D3) is of CM-type over
the compositum of these two fields which is again a CM-field. It has Picard number
18.

More generally, the Kummer surface Y associated to any abelian surface X of
CM-type has Picard number either p(Y) = 18 or p(Y) = 20. The reason is that
if X is of CM-type, i.e.the Hodge group Hg(H'(X,Q)) is commutative, then as
H?(X,Q) = HY(X,Q) A H'(X, Q) it follows that Hg(H?(X,Q)) is also commuta-
tive. If we denote N := H1(X)N H?(X,Q) and by U the orthogonal complement
of N in H?(X,Q), then U carries an irreducible (using the same arguments as in
Proposition 1.3.1) Hodge structure of CM-type over some CM-field, and hence its
dimension is an even number. So the Picard number p(X) = dim U can be either
2 or 4, and for the K3 surface either p(Y') = 18 or p(Y) = 20.

In parallel with the construction of abelian varieties of CM-type (see Proposition
1.2.10) we present a construction of a K3 surface of CM-type over a given CM-field
of degree < 16 (see [PS]). The reason for the constrain on the degree will be clear
later. For the construction we have to state the surjectivity of the period map.
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As we already mentioned, H?(Y,Z) of a K3 surface Y is isometric to the lattice
L := H® @ Eg(—1)®2, but not canonically. Let
0: H*Y,Z) = L
be an isometry. We call a pair (Y, ¢) a marked K3 surface. After C-linear extension,
the image of H?°(Y) under ¢ is a complex line in Lc. In the projectivized space
P(Lc),a == pc(H?°(Y)) is then a point [a] € P(Lc). We call [o] (and by abuse of
language «) the period of Y. Morally, the map
(Y, ) — [a] = [pc(H(Y)]
is called the period map. For a more precise definition see [BV] or [BPV]. Denote
by € the period domain, i.e.
Q:={[z] € P(Lc) | (x,x) =0 and (z,Z) > 0}.

Obviously, the period [o] of any marked K3 surface is contained in 2. The following
theorem establishes the surjectivity of the period map (see [BPV, Chap.VIII, Cor.
14.2)).

Theorem 1.3.8 (Surjectivity of the period map). Every point of Q occurs as the
period of a marked K3 surface.

Now we give the construction of K3 surfaces of CM-type (see [PS]).

Proposition 1.3.9 (Pjateckii-Shapiro, Shafarevich). For any CM-field K of degree
< 16 there is a K3 surface of CM-type over K.

Proof. Let K be a CM-field of degree n. Denote by S the set of embeddings of K.
The choice of an embedding e determines a Hodge structure of weight 2 on K:

Ke=@PK' =Ko P KoK =K oK"aoK"? (1.3.2)
peS peS\{e,e}
One can endow K with a bilinear form of signature (2,n — 2). Indeed, by the

Approximation Theorem one finds an element A € Ky with ¢(\) > 0 and p(\) <0
for any other embedding p : Ky < R. Define for any a,b € K:

{a,b) := Tr(\ab) = Z p(Aab) € Q. (1.3.3)
peS
Then (,) is positive definite on the two dimensional real subspace
(.K'6 @ Kg) N Kgr
and negative definite on the orthogonal complement. Hence the signature is (2,n —
2). It is also even and —(,) is a polarization. Because K2 is one-dimensional this
Hodge structure is irreducible and of CM-type by Proposition 1.1.9.

It still remains to show that there is a K3 surface with such K as its transcen-
dental lattice. As well known, every indefinite rational quadratic form of rank > 5
represents 0, and hence any rational number. So if dimg K < 16, one can embed
K into Lg. Let N be the orthogonal complement of K in Lg. Now let o # 0 be a
generator of K¢, then

(0,0) = 2€e(N)e(0)é(o) =0, and
(0,5) = 2¢e(N)e(o)é(a) > 0.
Hence [o] is a point in the period domain €. By the surjectivity of the period map

there is a K3 surface with period o, NS(Y) = NNL and T = K. Tt is of CM-type
by construction. This ends the proof. O
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There is also a notion of isogeny for K3 surfaces. See [Mk1, Def.1.7] for Mukai’s
definition. For us, we say that two K3 surfaces S and T are isogenous if there is a
Hodge isometry between H?(S,Q) and H?(T,Q). Theorem 2 in [Mk2] claims the
equivalence of these two definitions. We show

Proposition 1.3.10. Any K3 surface of CM-type is isogenous to one of the type
constructed in the proof of Proposition 1.3.9.

Proof. Let Y be a K3 surface of CM-type with transcendental lattice T'. As shown

in Proposition 1.3.4, K := Endyg) T is a CM-field and dimg 7" = 1. We show

that there is a A € K such that the mtersectlon form (,) on T is given by (1.3.3).
By the non-degeneracy of Try g we have a Q-bilinear form

o:TxT —K
(2, y) — @(z,y)
such that the intersection form (,) on T is
(ex,y) = Trg|g(e®(z,y)).

Zarhin already used the map ® in [Za, p.210]. Let T = Kwvgy be any isomorphism
and set

A= ®P(vg,vg) € K.
Then for any x = avg,y = bvg € T we have
(z,y) = (avg, bvg) = (abvg,v) = TrK‘Q(AaB).
Due to the symmetry of (,) we have
Trgg(Aab) = Trgg(Aab), Va,b € K.

The non-degeneracy of the trace form implies then that A = X, in other words,
A e K.

Further, let € : K < C be the embedding of K induced by o, and if {e;} is an
orthogonal basis of T', we write

o= Z)\iei = Z/\iHiUm Ai€Cpie K.
We have on the one hand

)\U O' Z )\ )\ )\62,67, Z)\zj\z<)\ﬂzﬂzv07 'U()> = Z )\15\1 TI'K|Q(>\2/141/7"L) > 0.

The last inequality is due to A € Kj is totally real, hence A\? is totally positive, so
is A?p;/1;. On the other hand we have

(Ad,5) = e(N){0,0).
We see that e(A) > 0.

Now let p : K — C be any other embedding. We show p(A) < 0. Indeed, we
have TH! = @D cs\ () K7, and () is negative definite on TH' N Tg. Let v” be a
generator of K”. We can also write v” as a linear combination of {e;}:

P = Zaiei =: Zaiuivm a; €Cu; € K.

Then we have on the one hand

(P vP) Zalaz Aei,e;) Zaio_zi@\uiﬁ,;vo, vg) = Zaio_z,; TrK‘Q(/\Q,u,;ﬂi) >0
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and on the other hand we have
0P, 77) = p(\) (0, 57)
——
<0
Hence p(A) < 0 for any embedding p # e.
Now it is clear that (7T, (,)) is Hodge isometric to K as a Q-vector space endowed
with the bilinear form
<a >K KX K — @
(a,b) — Trgg(Aab)
and the decomposition
Ke=K*® @ K@ K°.
peS\{e,e}
So (K, (,) k) together with N.S(Y") defines a K3 surface Y’ of CM-type. By construc-

tion, H?(Y,Q) and H?(Y’,Q) are Hodge isometric, hence Y and Y’ are isogenous.
This completes the proof. O

In order to answer the question (QK3) we try to characterize complex multi-
plication. We first make a tentative with the elementary methods used in Lemma
1.2.18 and the second proof of Theorem 1.2.17. We showed that on abelian vari-
eties, complex multiplication is equivalent to the existence of a constant rational
Kahler metric G. Making abstraction of the geometric meaning of G, it is simply
a positive definite rational bilinear form whose hermitian extension satisfies

G(VPI V™) =0 unless p=rq=s,
where p,q,7,s = 0 or 1. We give the K3 analogue, though it seems to be very
formal and offers no geometric interpretations.
Proposition 1.3.11. A K3 surface Y is of CM-type if and only if the following
conditions are simultaneously satisfied:
(i) There exists a rational symplectic form w on T, with
w(TP1,TT%) =0, unless r = q and s = p, (1.3.4)
after C-bilinear extension.
(ii) There exists a rational positive definite symmetric bilinear form G on T,

such that it extends to a positive definite Hermitian form which is ortho-
gonal to the Hodge decomposition, i.e.

G(TP9,T™*) =0, unless r = p and s = gq. (1.3.5)
Proof. Let Y be a K3 surface of CM-type over K. Write K = Ky(n) with 72 € K,
totally negative (see Lemma 1.1.2). Define on T*
w(v,w) = (v,nw).
We have
w(v, w) = (v, nw) = (v, w) = = (v, w) = —(w, ) = —w(w,v),

hence w is symplectic. Then (1.3.4) follows directly from the fact that n € K, hence
preserves the Hodge decomposition.
Further, denote the embedding

¢: K — EndcT?° = C.



1.3. Weight 2: K3 surfaces 29

By the Approximation Theorem, there is an element A in Ky with ¢(\) > 0, and
p(A) < 0 for any other embedding p of K. Define on T":

G(v,w) := (v, \w).
Obviously, it is rational and symmetric (due to A = A). Tt is also positive definite,
because for any v # 0 € T we have
G(v,v) = (v, \v)

— <U2’0, )\’UO’2> + <U1’1, )\’Ul’1> + <UO’2, )\’1}2’0>

= ()20, 002) 4 (0 ) 4 2002, 020,
The first and the third terms are positive as €(A) = ¢(A\) > 0. The second term is
also positive because by its choice, A has only negative eigenvalues on %! N7k and
(,) is negative definite on it. Hence G is positive definite. Extended hermitianly,
G satisfies (1.3.5).

For the converse, denote F' := Endyg(ry T'. Recall that F' can either be a totally
real number field and the involution induced by {,) is trivially the identity, or, F is
a CM-field with complex conjugation as involution. We use w to show that F' is a
CM-field and use G to show dimg T = 1. First note that each of w and G induces
an endomorphism of T as follows:

w,w) =: (v,nw) and G(v,w) =: (v, \w).
We claim that both n and A lie in F. Indeed, in view of (1.3.4), we have for all
vbl e Th and w?? e T29:

0 = w(vtt w??)
Hence nT%° ¢ T2% @ T%2. On the other hand, for all v?>° € T2,

0= w(UQ,O’ w2,0) _ <02’O,nw2’0>.

_ <v1’1,77w2’0).

Hence nT%% = T2, Similarly one shows that n preserves all other components of
the Hodge decomposition. Hence 1 commutes with Hg(Y") and n € F by Proposition
1.1.8. That A € F can be shown analogously.

Further, the anti-symmetry of w implies that 7 = —n, therefore F' is a CM-field.
Write F' = Fy(€), where Fp is a totally real field with [F': Fy] = 2. The symmetry
of G implies that A € Fy. Next we use A to show dimp T = 1.

Let us write 7 = @.~, F. Under this isomorphism, F acts on each copy of F
by left multiplication. Denote by ® the set of embeddings of Fy into R, we have
the decompositions

2m 2m
T = @FO and Tp = @@Tﬂ,
i=1 pED i=1

where @ffl T* is the eigenspace of any p € Fj to the eigenvalue p(p). The latter
decomposition is orthogonal to (, ), since for any p € Fy we have

P (p)(0”, wy = (v°, p(w?)) = (p(v”),w”) = p(p) (v*, w"").

It follows that (,) and A are simultaneously diagonalizable. Recall that (,) has
signature (2,n — 2), where n = dimg7’, and G(-,-) = (-, A-) is positive definite.
We see that A must have exactly 2 positive and n — 2 negative eigenvalues, which
implies that m = 1. This concludes the proof. O
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Unfortunately, we could not discern any geometric interpretation of w and G.
Now we turn to the period of a K3 surface of CM-type to gain more geometric
insight on complex multiplication. We find an arithmetic property, for that we
need some new terminology.

Definition 1.3.12. Let V' be a finite dimensional Q-vector space and v € V.

(i) Denote by E(v) the smallest subspace V' of V' with v € V{.
(ii) We call the width w(v) of v the dimension of E(v), i.e.

w(v) := dimg E(v).

(ii) The field of definition of v is the smallest field F C C with v € V..
(iv) We say that v is fully defined over a number field K under an embedding

e: K —Cif
(a) F =¢e(K) where F is the field of definition of v, and
(b) w(v) = [K : Q).

(v) LetV be additionally endowed with a quadratic form (,) and vy,ve € Vi be
two vectors. If E(v1) N E(vy) =0 and (E(v1), E(ve)) =0, then we write

E(’Ul) 1 E(Ug).

The width of a vector can be understood as a measure of its non-rationality. For
example, any vector u # 0 € V has width 1, E(u) = Qu, and is fully defined over
Q. For more general vectors we give the following explicit description.

Lemma 1.3.13. Let V be a finite dimensional Q-vector space. A vector v € V¢ is
fully defined over a number field K under an embedding € : K — C if and only if v
can be written in the form
v=MAe1+ -+ Anén, (1.3.6)
where {e;} C V are Q-linearly independent vectors and {\;} C C are Q-linearly
independent numbers which generate ¢(K) as a Q-vector space. In this case, we
have
E()=Qe1 @ & Qe,.

Proof. “«<": 1t is clear.

“=7: Denote n := w(v). Let {e;}i=1,...» be a basis of E(v), since v € E(v)c, we
can write

v=MAer+ -+ Aen, A €C.

The coefficients {\;} must be Q-linearly independent, otherwise we can group the
e;’s and w(v) would be smaller. The field of definition of v is F' = ¢(K), and has
degree n. It follows that {\;} generate F' as a Q-vector space. O

Now we give a characterization of, or more exactly a necessary condition for
complex multiplication by the period.

Proposition 1.3.14. Let Y be a K3 surface of CM-type over K, then there is an
element o € H?>°(Y) which is fully defined over K under an embedding ¢ : K — C.

Proof. Let {e;}i=1....n be a Q-basis of T, then one can write a basis of H>?(Y) as

o=MXei+ -+ ey, N €C.

We can norm A; = 1. Write further € : K — C for the embedding induced by o.
As K = Endyg(r) T and for any a € K we have on the one hand

a(o) = G(Z Aie;) = Z /\i(Z ajiej) = Z(Z Aiaji)ej,

J
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and on the other hand

a(o) = e(a)o = €(a) Z Aje;.

Comparing the coefficients of e; we obtain the equality
e(a) = Z )\iah—.
i

This means that any element €(a) € €(K) can be obtained as a Q-linear combination
of {\;}. That {\;} form moreover a minimal family can be seen from E(c) = T
and w(o) = dimg T'. The claim follows then from Lemma 1.3.13. O

One could ask whether being fully defined over a CM-field is a sufficient property
for the period o to imply that the K3 surface is of CM-type. The answer is negative.
Indeed, o possesses other necessary properties. We explain this.

In any basis {e;} of T one can write ¢ = . A\;e; for some {)\;} C €(K). While
o does not depend on the choice of the basis, its coefficients {);} are uniquely
determined by {e;}. In the following proposition we choose a particular basis in
order to determine the relationship between {\;} and {e;}. In the arguments we
use the proof of Proposition 1.3.10.

Proposition 1.3.15. Let Y be a K3 surface of CM-type over K and {e;} be
an orthogonal basis of the transcendental lattice T with respect to (,). Let o =
Yo hie; € H2O(Y) with Ay = 1 be fully defined over K under € as claimed in
Proposition 1.3.14. Under the isomorphism T = K, e — 1, let us write e; = p;eq
for a u; € K. Let further A\ = ®(ey,e1) be as in the proof of Proposition 1.5.10.
Then {u;} satisfy

Tricjq(Auifl;) = (ei, €:)ij- (1.3.7)
Moreover, the coefficients {\;} in o are
<€1;€1> _
Ai = i) 1.3.8
<€i, €i> 6('“ ) ( )

Proof. Since {e;} is an orthogonal basis we have

(€i,€i)dij = (e, e5) = (pier, pjer) = (pifijer, er) = Trgjq(Apifiz)-

We refer to the proof of Proposition 1.3.10 for the last equality. This establishes
the equality (1.3.7).
As to the coefficients {\;} notice that on the one hand

(0,€;) = <Z Ajej,ei) = Aifes, e;),
J
and on the other hand

<Ja ei> = <Ua ,U'iel> = <ﬂi07 €1> - e(ﬂi)<07 €1> = G(ﬂi)<€1, 61>'

Hence
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We see that for the K3 surface to be of CM-type, the conditions on ¢ are stronger
than just being fully defined over a CM-field.

Another consequence of Propositions 1.3.14 and 1.3.15 is that we can further
decompose T in an orthogonal way according to the arithmetic properties of o we
just found. This is a preparation for Theorem 1.3.18 later.

Corollary 1.3.16. LetY, 0, K and € be as in Proposition 1.3.14. Write K = Ky(n)
with n? € Ky totally negative. Then

(i) Reo and #ﬁ) Im o are fully defined over Ky.
(ii) In the notation of Definition 1.3.12 we have an orthogonal decomposition

T =EReo)® E(Imo).
Proof. Since Y is of CM-type, for any 0 # vy € T there is an isomorphism ¢ : T =

K,v9— 1. Let A = ®(vp,vp) as in the proof of Proposition 1.3.10. We saw there
that the intersection form (,) on T is given by

(z,y) = (avo, bvg) = Tri g(Aab) for any & = avy,y = bvg € T.
Write K = Ko ® nKy. We claim that the decomposition
T =o' (Ko) ® ¢~ (nKo) (1.3.9)

is orthogonal with respect to (,). Under the isomorphism ¢ it suffices to show that
K = Ky @& nKj is orthogonal with respect to the bilinear form

(): KxK—Q, (a,b)— Trgg(Aab).
Denote by S a CM-type of K. We have for any a € Ky and 1S € nKj
(, 1) = Trgejo(Aaif) = Trrejo(Aafi)
= D p(Aapi) =Y p(AaBi) + p(Aafi)

peESUS peES
= (Aap)(p(7) + p(7)) = 0.
2.7 N

Hence the decomposition (1.3.9) is orthogonal.

Now let {e1,...,e,} and {f1,..., fo} be an orthogonal basis of ¢~ (Kj) respec-
tively ¢~ 1(nKp). Here we let e; play the role of vy above. Under the isomorphism
 we have

e; = wer and f; =veq for some p; € Ky and v; € nKj.
While writing o = Y | Aie; + >y Yifi we see in view of (1.3.8) that
A € Ko and v, € nKp.
It follows that

Reo = Z)\iei and Imo = Z’yifi,
i=1 i=1

EReo) =2 Ky and FE(Imo) = nK.

This shows at once the claims (i) and (ii). O

Let us now give a more precise meaning to the first part of the question (QK3)
posed in Introduction. In contrast with abelian varieties, there is no easy arithmetic
properties one can impose on the tangent bundle of a K3 surface. This makes
a definition of a rational Ké&hler metric inappropriate and we can hardly make
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geometric sense of the structures we found in Proposition 1.3.11. We remedy this
problem by considering a positive definite 3-dimensional space V' C Lg, where
L := H® @ Eg(—1)®2. The intersection

P(Ve)NQ ={[o] e P(V¢) | (0,0) =0,(c,5) >0}

of the projectivized space P(V¢) and the period domain is geometrically an open
subset of a quadric in P? and is called the twistor space associated to V. It is the
K3-analog of the twistor space for abelian varieties mentioned in Corollary 1.2.21.
One can consider V' as a “Riemannian metric” on the underlying manifold M of
a K3 surface (all K3 surfaces are diffeomorphic). A point [o] in the twistor space
endows M with a complex structure and makes it into a K3 surface Y and V' can
be written as
V=RRec®RImo & Ruw,

where w is a real (1,1)-form on Y with (w,w) > 0. It is a symplectic structure on
Y. Thus V contains information as well about the complex structure of Y (carried
by o) as about a symplectic structure on Y (carried by w). This resembles a Kéhler
metric G on a complex manifold as it is defined by G(-,-) := w(I-,-), where I is the
complex structure and w is a Kéhler form. In this sense V' shall play the role of a
“Kahler metric” on Y.

The following theorem tends to answer the first part of the question (QK3). It
gives conditions on V such that a point [o] in the twistor space, provided that it
defines a projective K3 surface, is fully defined over a CM-field. In Proposition
1.3.14 we showed that if a K3 surface is of CM-type, then its period is fully defined
over a CM-field, but as we already mentioned, the converse does not hold. Since
an exact characterization of complex multiplication by the period is missing, our
statement in the next theorem is weaker in the sense that the conditions on V' are
not sufficient to characterize K3 surfaces of CM-type. In the other direction we can
only show that K3 surfaces of CM-type with high Picard number > 10 possess such
V. First a technical lemma.

Lemma 1.3.17. Let V be a finite dimensional Q-vector space endowed with a non-
degenerate rational quadratic form. Let vi,vo € Vi be fully defined over a number
field K under an embedding €. Suppose E(vi) L E(ve). Then for any A € e(K),
the vector

V1 + Avg
is fully defined over K under e.

Proof. Although Ave may not be in general fully defined over K, the condition
E(v1) L E(vg) guarantees that
w(vy + Ave) = max{w(vy), w(Ave)} = w(vy).
This can be easily seen by writing out v1 + Avg in the form (1.3.6). O
Theorem 1.3.18. Denote L :== H®3® Eg(—1)®2. Let V C Ly be a positive definite
3-dimensional subspace of the form
V =Rv; ® Ruy ® Rusg,
with
(i) {v1,va,vs} is an orthogonal basis.

(ii) All v;’s are fully defined over some totally real number field Ky under an
embedding € : Ky — R.

(ii) E(v;) L E(vj) fori#j.
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(iv) e_l(%) € Ky is totally positive.
If a point
[0] e P(Ve) N ={[o] € P(V¢) | {0,0) = 0,(0,5) > 0}
defines a projective K3 surface, then a multiple of o is fully defined over a CM-field.
Conversely, any K3 surface of CM-type Y with period o and p(Y) > 10 possesses
a 3-dimensional positive definite subspace V. C H?(Y,R) as above which contains
RReoc @ RImo.

Proof. Let V C Lg and [o] € P(Vg) N as in the claim. We can then write
o= a1v] + asvy + agvs, a; € C.
Let us abbreviate v? := (v;,v;). If one of the a;’s, say ag, is zero, then after scaling
we can suppose
0 = V1 + QaVs.
We have
0= (o,0) = vi+ aZvs

02
= a% = —% € e(Ky),
U3
so e 1(a2) is totally negative by hypothesis (iv). From (iii) it follows that o is fully
defined over Ky(az), which is a CM-field by Lemma 1.1.2.

Now let us deal with the case where none of the «;’s is zero. Then we can write
0 = V1 + Qa2 + 3vV3.

In order for o to define a projective K3 surface we have three conditions on o:

(a) (o,0) =0, i.e. v? +a3v3 + a3v3 =0.

(b) (0,5) >0, i.e. v+ |aa]?v3 + |az|?v3 > 0.

(c) There is an z in the orthogonal complement E(o)* of E(o) in Lg with
(x,z) > 0. In particular,

0= (o,x) = (v1, ) + ag{ve, z) + a3(vs, ). (1.3.10)

Since a vector with positive square cannot be perpendicular to V', at least one of
the v;’s satisfies (v;, ) # 0. Let v; be a such vector, then because of (1.3.10) also
(vg, ) # 0 or (vs,x) # 0. Without restriction to the generality, we can assume
(vg,z) # 0. It follows that

<’L)3,£E> <’01,ZC>

<U27x> <027x> .

Qg = —Q3 (1.3.11)
Substituting this in (a) we get

a3 (v3{v3, £)% + v3(ve, 2)?) + 20303 (v3, ) (v, T) + V3 (va, )2 + V3 (v1, )% = 0,

_ U%<’U3,JZ> <Ulax>
= Q3 = — 5 D) 5 3
v3(vs, )% + v3 (v, T)
<1)2,I>
v3(v3, )2 + v3(vg, )2

\/—va§<v3, z)2 — v22(vg, )2 — v3v3 (v, x)2.
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By hypothesis (iv), e ((Imas)?) # 0 € K is totally positive. It follows that

Reo =v; — (<U17$> + Reas <U3’$>) va + (Re ag)vs,
<’U2, $> <’U2, $>
<U3’ CL'>
I = (Imag) | ——— .
mo = (Imas) ( <’02’x>’02 + v3
By the last lemma and hypothesis (iii), Re o is fully defined over K, and ﬁ Imo

is fully defined over K for the same reason. Writing Re o and Im ¢ out as in (1.3.6)
we see that because of the presence of v; in Reo, we have E(Reo) N E(Imo) = 0.
Hence o is fully defined over Ky(i Im as) which is a CM-field.

Conversely, let Y be a K3 surface of CM-type over K. In view of Corollary 1.3.16
we can set

v1:=Reo and wvy:= ' TImo.
e(n)
Clearly, 6’1(%) = —n? € K is totally positive.

Now it remains to find v with the claimed properties. Denote n := %dim@ T.
The hypothesis p(Y) > 10 ensures that n < 6 and p(Y) —n > 4. As v > 0, the
intersection form has signature (1, — 1) on E(v1). On the other hand, since Y is
projective, the signature of (,) on NS(Y)q is (1, p(Y) — 1), hence (,) is indefinite
on NS(Y)g. Let {e1,...,e,} be an orthogonal basis of E(v1) with (en,e,) > 0
and (e;, e;) < 0,Vi # n. Since p(Y) > 10 and any indefinite quadratic form over Q
of rank > 5 represents 0 (hence any rational number), one can find a f; € NS(Y)qg
with (f1, f1) = (e1,e1). Then consider the orthogonal complement Ny of Qf; in
NS(Y)g. The intersection form (,) is still indefinite, then one can choose fo € Ny
with (fs, f2) = (ea,e2). The condition p(Y') —n > 4 guarantees that one finds thus
successively n vectors {f;} in NS(Y)g with (f;, fi;) = (ei, e;). If we write

n
v = E Ai€;
i=1

where {e;} is an orthogonal basis of E(v;), set

v3 1= Z Aifi
i—1

with the same coefficients. We have then (vs,vs) = (v1,v1) and E(vy) L E(vs),
also E(vg) L E(v3). Now {v1,vs,v3} satisfy all the requirements. This completes
the proof. 0
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2. MIRROR SYMMETRY, GENERALIZED CALABI-YAU STRUCTURES
AND COMPLEX MULTIPLICATION

Summary of results: The goal of this section is to show Theorem 2.2.13
and Theorem 2.4.4. They describe when a mirror of an abelian variety or a K3
surface of CM-type is again of CM-type. For abelian varieties it suffices to choose a
rational Ké&hler metric and a rational B-field, but for K3 surfaces we could only find
more complicated conditions. Lemma 2.2.10, Lemma 2.2.11 and Proposition 2.4.3
contain detailed calculations of mirror partners and are decisive for the theorems.
Moreover, Section 2.3 contains an explicit construction of a pair of isogenous mirror
abelian varieties of CM-type, it shows that the converse of Theorem 2.2.13 does not
hold.

This section is organized as follows. We recall in Section 2.1 the definition of
generalized Calabi-Yau structures which provide a more unified point of view for
mirror symmetry for different manifolds.

In Section 2.2 we use the generalized complex structure induced by a generalized
Calabi-Yau structure to formulate mirror symmetry for generalized complex tori
(i.e. real tori endowed with a generalized Kéhler structure). Then we show Theorem
2.2.13.

Section 2.3 contains a pair of isogenous mirror abelian varieties of CM-type which
shall refute the converse of Theorem 2.2.13.

In Section 2.4 we formulate mirror symmetry for K3 surfaces and calculate in
Proposition 2.4.3 a special kind of mirror partners. Then we prove Theorem 2.4.4.

2.1. Generalized Calabi-Yau structures.

Hitchin introduced generalized complex geometry in his seminal paper [Hi] (see
also among others [Gu], [H2] and [Be] for further works). A novelty is that one
considers structures on the sum 7 @ T™ of the tangent and cotangent bundles of
a smooth manifold. It offers among other advantages a unified point of view for
complex and symplectic structures. A fundamental structure is

Definition 2.1.1. A generalized Calabi-Yau structure (GCYS) on a smooth ma-
nifold of dimension 2m is a closed even complex form or a closed odd complex form
o which is a pure spinor, i.e. its annihilator

Byi={v+Ee(TaT)c| (+8) ¢ :i=v)p+EAp=0} (2.1.1)
1s mazimal and E, N Ew =0 at each point.

We are most interested in the following two GCYSs. If X is a smooth complex
manifold of dimension m, denote by ¢ a holomorphic form of top degree m and let
B be a real closed 2-form on X, then

2

B
@::(expB)U::(1+B+7+-“)/\0

is a GCYS. It carries information about the complex structure of X. If M is a
symplectic manifold of dimension 2m with symplectic structure w and B is again
a real closed 2-form, then

1
¥ = exp(B + iw) ::1+B+iw+§(3+iw)2+-~-
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is also a GCYS (see [Hi]). It carries information about the symplectic structure of
M. The operator exp B is called the B-transform. We will say that B is rational
if its class [B] lies in H?(X,Q). Roughly speaking, a mirror map between two
manifolds endowed with both complex and symplectic structures shall exchange
these two structures. However, technically this goes somewhat differently for K3
surfaces and abelian varieties. We first present mirror symmetry and the behavior
of complex multiplication under a mirror map for abelian varieties.

2.2. Abelian varieties. The aim of this section is to show Theorem 2.2.13. It gives
a sufficient condition which ensures that complex multiplication is transmitted to
the mirror partners, namely, it suffices to choose a rational Kéhler metric G and
a rational B-field for any mirror of (X, G, B) to be of CM-type. Mirror symmetry
for abelian varieties was treated in [GLO]. Some of their results can be rephrased
more naturally in terms of generalized complex structures (see [Gu, Chap. 6] or

K, §8]).
Definition 2.2.1. A generalized complex structure on a smooth manifold Y is a
bundle map T : TY &T*Y — TY & T*Y satisfying

(i) 7% = —id,

(ii) Z preserves the pseudo-Euclidean metric ¢ on TY & T*Y, where

q((a1,a2), (b1,b2)) :== —(a1, b2) — (az, b1),

(iii) Z s integrable with respect to the Courant bracket.

We will only deal with constant generalized complex structures, so the condition
(iii) is not relevant for us. The J, 4 and I, which appeared in [GLO] are examples
of generalized complex structures. Hitchin shows that some of them may be induced
by GCYSs:

Proposition 2.2.2 (Hitchin). Any GCYS ¢ induces a generalized complex struc-
ture T by setting

I’% =i-1d  and I’Ey = —i - 1d,

where E, respectively E¢ is the annihilator of ¢ respectively @.

For the purpose of mirror symmetry we are more interested in a pair of general-
ized complex structures.

Definition 2.2.3. A generalized Kahler structure (GKS) on a smooth manifold
Y is a pair (Z,T) of commuting generalized complex structures such that G(-,-) :=
q(-,ZJ-) is a positive definite symmetric bilinear form on TY & T*Y .

Using GKS, one can define mirror symmetry for a more general class of tori.

Definition 2.2.4. A generalized complex torus (T,Z, ) is a real torus T endowed
with a« GKS (Z,7).

Definition 2.2.5. Two generalized complex tori (T = V/T,Z,J) and (T’ =
V'/T',T',J") are mirror partners if there is a lattice isomorphism

o Tel* —T'al™,

such that q(-,-) = ¢' (¢, "), I' = T 9L, and J" = ¢Te~t. We call ¢ a mirror
map. We also denote by ¢ its R-linear extension.
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This generality is suitable for the notion of mirror symmetry for N=2 lattice
OPE-algebras which we will construct on any generalized complex torus in Section
3.3. However, for the study of complex multiplication under mirror symmetry we
specialize to the following GKS. Let (T, G, B) be a triple consisting of a complex
torus T' = CY9 /T with complex structure I considered as an R-linear map on I'g with
I? = —1d. It is also determined by a holomorphic form o of top degree g by setting
the eigenvalue of I to —i on the annihilator of ¢ and to ¢ on the complement.
Further, B is an arbitrary real 2-form in H?(T,R) and G is a Kéhler metric, it
induces a Kéhler form w(-,-) := G(-,I-). We will always assume that B and G are
constant. Let us denote by Z and J the generalized complex structures induced
by the GCYSs ¢ = (exp B)o and 1 = exp(B + iw) (see Proposition 2.2.2). Easy
calculations show that

s (L 0y(1 o0 1 0\ I 0
“\B 1)\o -1t)\-B 1)~ \BI+1'B -I')"

1 0\ /0 —wt 1 0 wlB —w™1
J = (B 1> (w 0 >(—B 1) = <w—|—Bw‘1B —Bw‘1> (22.1)

—-IG™'B IG1
GI - BIG™'B BIG™!')”’

and (Z,J) forms a GKS. For the positivity of ¢(-,Z.7) just notice that
G'B ~-G! 1 B\ (G 0\ (1 B
17 = (BGlBG BG1> and  q1.7 = (o 1) (0 G1> (0 1) :

Definition 2.2.6. The triple (T, G, B) induces a generalized complez torus (T,Z,T),
with (Z,J) as in (2.2.1).

Now it is clear that Definition 2.2.5 of mirror symmetry makes sense: morally,
for the generalized complex tori induced by (T, G, B) respectively (T7,G’, B'), a
mirror map exchanges the complex structure Z with the symplectic structure J’
and the symplectic structure J with the complex structure Z’. Thus, the language
of GKS provides a conceptually clean approach to mirror symmetry. We formulate
this more precisely in the following

Definition 2.2.7. We say that two complex tori (T,G,B) and (T',G’, B") with
complezx structure I respectively I', a constant Kdhler metric G respectively G' and
a B-field B respectively B’ are mirror partners, if the generalized complex tori they
induce as in Definition 2.2.6 are mirror of each other.

Remark 2.2.8. Suppose (T,Z,7) and (T',Z', J’) are mirror generalized complex
tori and (T,Z,J7) is induced by a triple (T, G, B). In general however, (T',Z', J")
may not be induced by some triple (77, G’, B’). Definition 2.2.7 concerns only those
mirror pairs where both partners are induced.

In order to prove Theorem 2.2.13 we give the next lemma which first studies the
rationality of the composition ZJ on a generalized complex torus (T,Z, ), then
links the rationality of G and B to the rationality of Z.7 of the GKS they induce.
The rationality of Z.J is defined as follows.

Definition 2.2.9. Let (T =V/I',Z,J) be a generalized complex torus. Denote
A=ToI".
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We identify the tangent space of T with I'r. We say that the composition T.J is
defined over Q if ZJ preserves the rational lattices:
Ij : AQ — AQ.
Lemma 2.2.10. Let (T,Z,J) be a generalized complex torus. Denote by C+ C Ag
the eigenspace of TJ with eigenvalue £1. Then
(i) We have

Ci = (£1d+ZJ)(Ar) = Image, (£ 1d+Z7),
and the decomposition
Ap=CrC_. (2.2.2)

We have T = —-J on Cy and T = J on C_. This decomposition is ortho-
gonal with respect to q and it is defined over Q if and only if ZJ is defined

over Q.
(ii) If (T,Z,J) is induced by (T, G, B), then we have

Cs = Graphy, (FG + B),

and q is positive definite on Cy and negative definite on C_. Moreover, the
following is equivalent:

(a) The decomposition (2.2.2) is defined over Q,

(b) ZJ is defined over Q,

(¢) G and B are both rational.

Proof. The orthogonality of (2.2.2) follows from Z,7 € O(g). To prove (ii) it
suffices to note that
1 1
17 (:FG+B> = <1FG+B>‘

The following lemma shows how the lattice of mirror partners is related to each
other.

O

Lemma 2.2.11. Let (T,Z,J) and (T",Z',J") be mirror generalized complex tori
and ¢ a mirror map between them. Then

(i) ¢ respects the decomposition (2.2.2), i.e. ¢ : Cyx — C'.. In particular,
Cy ® C_ is defined over Q if and only if C', & C’_ is defined over Q.

(i) If(T,Z,J) and (T, 7', J') are induced by (T, G, B) respectively (T',G', B'),
then ¢ induces isomorphisms 1y : I'r = 'y by

o(0, (FG + B)a) = (Y0, (FG' + B')wa), (2.23)
and we have
(a) G(a,b) = G'(Yxra,1d) for all a,b € T'g.
(b) I' =ty oToypit =¢p_oToyp=t.
Proof. (i) is immediate. For (ii)(a) we make an explicit calculation
q((a,(FG + B)a), (b, (¥G + B)b)) = +2G(a,b) Va,b € T.

Then use ¢(-,-) = ¢'(¢-, ¢-) to get the claim. For (ii)(b) we verify the equality for
1_, the case of 1, is similar. Recalling the definition of the generalized Ké&hler
structure from (2.2.1) we have for any (a’, (G’ + B')a’) € C"_:

7 ((G, le,)a,) = (I;“/) , (2.2.4)
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we are only interested in the first component. Using (2.2.3) the left hand side of
(2.2.4) is

1 a B v Iy~ td
N ((G/ —i—B’)a’) = <(G—|—B)77/}_I’(/J:1a'
Comparing with the right hand side of (2.2.4), we obtain (ii)(b). O

As mirror symmetry exchanges complex and symplectic structures, two mirror
Calabi-Yau manifolds are in general very different as complex manifolds. This
remains true for abelian varieties, but surprisingly the lemmas above lead to the
following result which shows: it suffices that the composition Z.7 is defined over Q
for the mirror to be an isogenous complex torus. If the reader is not familiar with
isogeny, see Lemma 2.3.2 for explicit calculations of isogeny.

Proposition 2.2.12. Let (T,G, B) and (T',G’, B") be mirror partners. If G and
B are both rational, then T and T' are isogenous.

Proof. By Lemma 2.2.10 (ii), G and B are both rational if and only if Z.7 is defined
over Q. Then Lemma 2.2.11 (i) implies that G’ and B’ are rational. By (2.2.3) the
14 are then defined over Q. Finally, from (ii)(b) of the same lemma, it follows that
some integral multiple of 14 is actually an isogeny between T and T”. O

This immediately implies the following

Theorem 2.2.13. Let (X, G, B) and (X',G’, B") be mirror abelian varieties. Sup-
pose X is of CM-type. If both G and B are rational, then X and X' are isogenous.
In particular, X' is also of CM-type.

At this stage using Theorem 3.4.3 (iii) we can answer one direction of the question
(QAV) posed in Introduction positively. In the next section we will show that the
converse of Theorem 2.2.13 however does not hold, which shows that the other
direction of (QAV) is not true.

2.3. An example of mirror abelian varieties of CM-type.

In this section we show the following proposition. It says that the converse of
Theorem 2.2.13 does not hold. This has as consequence that one of the directions
of the question (QAV) posed in Introduction is not true. To see this, one has to
use Theorem 3.4.3 (ii).

Proposition 2.3.1. There are mirror abelian varieties (X, G, B) and (X', G, B'),
such that X and X' are isogenous and of CM-type, but neither ZJ nor T'J' is
defined over Q, where (Z,J) and (I',J') denote their induced GKS.

We shall eventually construct an explicit example of such mirror pairs, we need
first some preparation.

Lemma 2.3.2. Let T = C9/TIZ%9 and T' = C9/TU'Z>9 be complex tori with period
matriz 11 and II' respectively. Then T and T’ are isogenous if and only if there is
a complex matrix C € GL(g,C) and a rational matriz v € GL(2g,Q), such that

I = CTly. (2.3.1)

In particular, if there is a such matriz 7y, then I' = v~ 1Iv and if G is a Kdhler
metric on T then G'(-,-) := G(y-,7-) is a Kahler metric on T".
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Proof. Tt is easy to see that the rational respectively analytic representation of
any isogeny provides the matrix v respectively C. For the converse, recall that in
general, the rational representation of I of a complex torus with period matrix IT

. —1 i . ’

is [ = (%) ( d f;l) (%) Replacing (%) by (%) = (g g) (%) ~ for I', we get
I' = v~ 'Iy. Tt follows that some integral multiple of ~ is an isogeny. The rest of
the claim is obvious. O

Next we give a special form (see (2.3.2) below) of the period matrix, which makes
the construction of an isogenous mirror easier. Later we will give an abelian variety
of CM-type over a cyclotomic field, whose period matrix can be written in the form
(2.3.2). First a lemma which expresses I explicitly.

Lemma 2.3.3. Let I' be the lattice of a complex torus T generated by e1,...,ez,.
Suppose that the period matriz II of T in the complex basis {ei,..., ez} has the
formII = (1 Ty + Tai), where Th and Ty are real g X g matrices, then in the basis
{e1,...,ea4} we have

I ~N\Ty' NIy T - Ty
S\ Tt T, ' :

Proof. The proof is a matter of calculating the matrix I = (%)_1 (3 5)(}),
where

m\ ' i (T - —TTy -

() -s("h )

Proposition 2.3.4. If an abelian variety X has a period matrixz of the form
M= (1 Ai), (2.3.2)

with a real matrizx A € GL(g,R), then by choosing a suitable constant Kdhler met-
ric G and by setting B = 0, one can find an isogenous mirror abelian variety

(X',G',B).
Proof. Suppose that II has the form in (2.3.2). Then by Lemma 2.3.3 we have
I= ( 0 _A>. Let us choose the metric

A7t o
(- 0
G= ( 0 —AtpA> ’

where p is a symmetric negative definite matrix with integral coefficients. One
verifies that G is compatible with I, i.e. I'GI = G, so G is a Kihler metric.
Setting B = 0, then by (2.2.1) Z and J have the form

0 —A 0 0 0 0 0 plA—1
At 0 0 0 0 0 —Alp? 0
=10 0o o —av|" 7= 0o ,a 0 0
0 0 A 0 —Atp 0 0 0

Further, we choose

-1
C=p and ’yz(po (1)>

to get a new period matrix

I'=CIly = (1 pAi).
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Then by Lemma 2.3.2 the complex torus X’ := C9/I1'Z%9 has complex structure
respectively Kéhler metric

R 0 —pA . rt _ —pt 0
I'=~y""1Iy= (Alpl 0 resp. G =7'Gy= 0 —AtpA )

Setting B’ = 0 we get

0 —pA 0 0 0 0 0 A
Alp=1 0 0 0 0 0 —-A' 0
’ /
= 0 0 0 —ptan|r =10 a4 o 0
0 0 Alp 0 —At 0 0 0

By easy calculations, one verifies that (X, G, B) and (X', G’, B’) as defined above
are mirror partners with the mirror map

0 0 1 0

o =10 o] \ A

e=17 o o o | Ter—rer.
0 0 0 -1

Hence, to any abelian variety with period matrix IT = (1 A:) by choosing a suitable
G and B-field one can find an isogenous mirror abelian variety. O

In order to obtain a mirror pair of CM-type, let us consider the abelian variety
over a cyclotomic field Q(§) of degree 4 which we constructed in Example 1.2.13.
Recall the notations. Denote

27

1 /1
wi=e¥i = 2(-14VB) + 5y /5 (5+V5),

and the four embeddings are oy : € — w* k = 1,...,4. We chose the CM-type
® = {01,029} and the lattice T' = Ok = Z[¢]. Let us fix the following generators for
I
P=Z 1@ZE+E)OLE - DLE —€77).
Then under ® the lattice is
1 wtw?t w—wlt w?-w? ;
@(OK) = (1 ,w2 + w—2 ’LU2 _ w_Q ’LU4 _ w_4 Z =: (Z A’L) 7.
The left two columns form a real matrix Z, while the right two columns form a
purely imaginary matrix which we write as A7 where A is a real matrix. Choosing
the first two generators to be a complex basis of ®(Ok) ®z R, we get the period
matrix
M= (1 Z 'Ai)
in the form (2.3.2) with the real matrix Z~!'A. Together with

_(=r 0 _
G = < 0 _AtZ_lth_1A> and B = O7

the abelian variety (X, G, B) possesses an isogenous mirror (X', G’, B’) as con-
structed in Proposition 2.3.4.
The last step to get (Z,J) such that the composition Z.J is not defined over

Q is to choose an appropriate p. Indeed, as claimed by Lemma 2.2.10 (ii), Z.J is
defined over Q if and only if G and B are both rational. We set B = 0 and choose

(-2 0
p_ 0 71a
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then
2 0 0 0
o 0 1 0 0
= 2 1|,
0 0 5+$ 2—§
0 0 Qfﬁ Sfﬁ

which is not rational. Hence Z.J is not defined over Q, although X is of CM-
type and has a mirror (X', G’, B’) of CM-type over the same field K. This shows
Proposition 2.3.1.

2.4. K3 surfaces.

In this section we define mirror symmetry for K3 surfaces in terms of GCYSs.
Then we specialize to a particular kind of mirror maps, namely x? = Id, we call x
“involutive” (see Definition 2.4.2), and we calculate explicitly an involutive mirror
partner (see Proposition 2.4.3). In Theorem 2.4.4 we give sufficient conditions for
complex multiplication to be transmitted to an involutive mirror.

Let Y be a (not necessarily projective) K3 surface. Recall the Mukai pairing (, )
on H*(Y,Z) from Section 1.3: for o, § € H*(Y,Z) we have

aAy Bi=—agABs+az NP2 —as A Bo = (a, B,

where w is a generator of H*(Y,Z) with the orientation o A & = Aw, A > 0. Let
furthermore w* € H°(Y,Z) be the vector with (w*, w) = —1. For a triple (Y,w, B)
where w is a real (1,1)-form with (w,w) > 0 and B is arbitrary in H?(Y,R), the
two GCYSs which we will use are as already mentioned in Section 2.1:

p:=(expB)o =0+ (B,o)w and
1
Y= exp(B +iw) = w* + B +iw + §(<B,B> — (w,w) + 2i(B,w))w.
Consider the following spaces
Wi:=RRep@RImp
=R(Reo + (B,Rec)w) @ R(Imo + (B,Im o)w)
=: Rwi1 @ Rwia,
Wy :=RRew ®RImp

= R(w' + B+ 5({B, B) — {w,0))w) & R(w + (B,w)u)
=: Rwsy; & Rwas.

A few properties of these spaces are useful for the calculations in the next propo-
sition. One can easily show that the operator exp B is orthogonal with respect to
the Mukai pairing, i.e.

((exp B)a, (exp B)f) = (a, 3).
Hence because of (o, exp(iw)) = 0 we have immediately (W7, W) = 0. Further-
more, the four basis vectors {w;;} are orthogonal to each other and we have
<w11,w11) = <’w12,’LU12> = <]E{QO'7 Rea) and <w21,w21> = <’LU22,U]22> = <w,w>.

Hence W7 @ W is a positive definite 4-dimensional subspace of H*(Y,R). We fix an
orientation by taking the bases {wi1, w12} and {wa1, w22} to be positive oriented
bases of Wy respectively Wa. For another triple (Y',w’, B'), denote by w;;, W/ the
corresponding objects. We define mirror symmetry for K3 surfaces as follows.



2.4. K3 surfaces 45

Definition 2.4.1. Consider triples like (Y,w, B), where Y is a (not necessarily
projective) K3 surface, w is a real (1,1)-form with (w,w) > 0 and B is an arbitrary
element of H*(Y,R). We say that two triples (Y,w, B) and (Y',w', B') are mirror
partners if there is a (Mukai) lattice isomorphism

x:H*(Y,Z) = H*(Y',Z),
such that
X(Wi) =W; and x(W2) =Wy,
while preserving their orientation. We call x a mirror map.

One sees easily that the inverse map y~*

is also a mirror map. Denote
U:=H(-1) and L:=H% @ Eg(—1)%%.
Fixing the isomorphisms
H (Y, Z)2U®L and H*Y' Z)=2U®L,
we can consider x as a lattice isomorphism:
x: UL =U®&L.

Hence it makes sense to talk about x2 = x o x. For calculations we consider a
special kind of mirror map.

Definition 2.4.2. We say that (Y,w,B) and (Y',w’,B’) are involutive mirror
partners if their mirror map x satisfies x> = Id. Denote furthermore

U':=xU), v:i=x(w) and v*:=x(w*).

The following proposition gives explicitly the mirror of a triple (Y, w, B) under
an involutive mirror map. Yet some additional assumptions are made.

Proposition 2.4.3. Let (Y,w,B) and (Y, o', B) be involutive mirrors under a
mirror map x. Suppose additionally that

({U',Uy=0 and (B,v)={(w,v)=0.
Then (Y', ', B') is given by

Reo’ =v° + x(B + (B,v")o) + 5 (B, B) — w,u))v,
Imo’ = x(w + (w,v*)v) + (B, w)v,
B' = x(Reo —v* + (Reo,v*)v) + (B,Reo)v,
W' = x(Imo + (Imo,v*)v) + (B,Imo)v.
Proof. The condition (U’,U) = 0 implies U’ C L. Lemma 6.7 in [H3] states that
there is an orthogonal decomposition
L=UaU+=UwaL.
Since x is involutive, we have x(L’) = L’. Then one can write
Reo = —(Reo,v)v* — (Reo,v™)v + 11,
Imo =—(Imo,v)v* — (Imo,v*)v + vy,
where vy, 19 € Lj are given by
v1 :=Reo + (Reo,v)v™ + (Re g, v*)v,

vo :=Imo + (Imo,v)v* + (Imo,v*)v.
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Set A := (Reo,v) —i(Imo,v) and ¢’ := Ao one gets (Imo’, v) = 0. We will see that
w’ and B’, which depend on o, are however independent of the scaling of o. So we
can assume that (Imo,v) =0, and hence

Reo = —(Reo,v)v* — (Reo,v™)v + 11,
Imo = —(Imo,v™)v + vs.
Now we calculate B’. Since x(W7) = W3, write
x(w11) = aqwhy + agwh, and  x(wiz) = Brwh; + Powhsy.
As we supposed (U',U) = 0, $; must equal to 0. Since x preserves orthogonality,
we have oy = 0. It follows that
x(wi1) = aqwy;  and  x(wiz) = Gawh,.
From
(w11, w11) = (w12, w12) = (x(w11), x(w11)) = (x(w12), x(w12))
we have
a1 = :l:ﬂg
Further, our assumption x? = Id implies
win = arx(wy) and  wiz = Bax(why).
By rescaling o with a7 and by the orientation preserving property of x we can
assume
x(wi1) = why; and  x(wiz) = whs. (2.4.1)
Writing the first equation out we get

1
—(Reo,v)w* —(Reo, v )w+x(v1)+ (B,Reo)v = w* + B’ + §(<B’, B’y — (W, w'))w.
The terms in w* and w on both sides cancel out since we assumed (U’,U) = 0. A
closer look at the w*-terms shows that our scaling implies (Reo,v) = —1. Writing

x(v1) out we get

= B =x(Reoc —v*+ (Reo,v*)v) + (B,Reoc)v.
From the second equation in (2.4.1) we get

—(Imao,v*)w + x(v2) + (B, Imo)v = ' + (B, 0" )w

= W' =x(Imo + (Imo,v*)v) + (B,Imo)v.
Let us now turn to Wa. Again, x? = Id implies
X(W2) =Wi & x(W]) =Wa.
Let us write
X(wyy) = niwz1 +v2wee  and  x(w)y) = d1way + dawss.

For the same reason as for o we can assume (Imo’,v) = 0. Hence §; = 2 = 0 and
we can assume y; = 1 = £85. Applying again x = x~! and by orientation reasons
we get

X(wa1) = wj; and  x(wa2) = wi,. (2.4.2)
From the first equation we have

v+ x(B) + %((B, B) — (w,w))v = Red’ + (B, Rec’)w. (2.4.3)

We pair both sides with w* and get
<X(B)7 w*> = —<B,,R60'/>.
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Thus (2.4.3) becomes
1
= Reo’ =v* +x(B+ (B,v*)v) + §(<B,B> — (w,w)v).

One sees that if (B,v) = 0, then x(B + (B,v*)v) lies in Ly and will not give
unwished terms in w* (as ¢’ is a 2-form). This justifies our assumption on B.
We use the second equation of (2.4.2) to determine Im¢’. We have

X(w) + (B,w)v =Imo’ + (B, Im o’ )w.

Again we pair both sides with w* and get
<X(w)7 ’LU*> = _<B/a Im OJ>'

So

= Imo’ = y(w+ (w,v")v) + (B,w)v.
Also here we have to impose (w,v) = 0 in order to avoid w* on the right hand side.
This completes the proof. O

For a sufficient condition for complex multiplication to be transmitted via mirror
symmetry, we consider a special w. Let Y be a K3 surface of CM-type over K =
Ko(n) with p(Y) > 10, n? € K is totally negative, and let 0 € H*9(Y) be fully
defined over K under € (see Proposition 1.3.14). As we already saw in Corollary
1.3.16

v1:=Reo and vy := lea
e(n)

are fully defined over Ky and
E(Ul) 1 E(UQ).

Denote n := dimg E(v2) and let {e;} be an orthogonal basis of E(vs). Since
p(Y) > 10,n < 6 and the intersection form is indefinite on NS(Y)q, one finds
successively pairwise orthogonal vectors {f;} C NS(Y)q with

<fiafi> = <€i76i>-

n
Imo = E )\iei,
i=1

If one writes

then set
w:=>Y \ifi
i=1
with the same coefficients. Then w has the properties
(1) There is an isometry
E(Imo) — E(w),
ei — fi.
(ii) (w,w) = (Imo,Imo) > 0.
Theorem 2.4.4. Let (Y',w', B") be an involutive mirror of (Y, w, B) under a mirror

map X, where Y is a K3 surface of CM-type with p(Y') > 10. Suppose further the
following conditions:

(i) (U,U) =0 and x|, =1dr.
(ii) w is as constructed above.
(iii) B = —v* + Reo, where o € H*°(Y) is fully defined over K.
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(i) (w,v) = (B,v) = 0.
Then Y’ is also of CM-type over K.

Proof. In view of the last proposition, conditions (i) and (iv) imply that there is a
o' € H>O(Y") with
Reo’ =v* + B+ ((B,v*) + %((B,B) — (w,w)))v
Imo’ = w+ ((w,v*) + (B,w))v.
Then, in view of (w,w) = (Imo,Im o) = (Reo,Reo), (ii) and (iii) guarantee that
Reo’ =Reoc and Imo' =w.
Moreover we have a Hodge isometry
T = E(Reo)® E(Imo) — E(Reo) ® E(w).
Hence Y is also of CM-type over K. O
Remark 2.4.5. In the case of the proposition above, we have
Reo’ =Reo, Imo' =w and o' =Imo.

We see that the mirror map x is in fact a hyperkéhler rotation (see [H5] for more
details on the latter notation).
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3. LATTICE OPE-ALGEBRA, RATIONALITY AND COMPLEX MULTIPLICATION
FOR ABELIAN VARIETIES

Summary of results: We construct a lattice OPE-algebra in Section 3.2 which
generalizes the lattice vertex algebra in [Kac, §5.4]. We give explicitly its parti-
tion function in Remark 3.2.2, calculations are in Appendix A. We explain how to
associate a superconformal lattice OPE-algebra to a generalized complex torus in
Section 3.3. We show in Appendix B that it is isomorphic to the superconformal
OPE-algebra constructed by Kapustin and Orlov in [KO]. In Section 3.4 we define
the notion of rationality for lattice OPE-algebras. Applied to the toroidal ones we
get Theorem 3.4.3 with which we rephrase in Section 3.5 our results on complex
multiplication, rational Kéhler metric and mirror symmetry for abelian varieties
obtained in Sections 1 and 2 in terms of lattice OPE-algebras. This is given in
Corollaries 3.5.3, 3.5.4 and 3.5.5.

We begin with generalities on OPE-algebras. OPE stands for Operator Product
Expansion, it is the name for the formulas in (v) of Definition 3.1.1 below.

3.1. OPE-algebras.

We first recall the definition and a few facts about OPE-algebras from [Ros].
They generalize the much-studied vertex algebras.

A very general notion is an E-valued distribution, wehre E is a vector space. It
is a formal sum

. —n—1g—n—1
a(z,z) = E anpz " Z ", ana € E.
n,nER

Note that the exponents may be real numbers. The space of these distributions
is denoted by E{z,z}. If V is a vector space, we can talk about End(V')-valued
distributions. Moreover, for each v € V, there is a map

End(V){z, z} — V{z,z}
a(z,z2) — a(z, 2)v = Z [ (O PR
n,nER

A field, which is of interest for us, is a special kind of distributions. If for any
v eV, a(z, z)v is of the form

I
a(za 2)1} = Zpi(z7 Z)Zhi Zhia
i=1

where h;,h; € R and pi(z,Z) is a power series in z and Z with coefficients in V,
then we call a(z,z) a field on V or an End(V)-valued field. Distributions in more
variables are defined similarly.

An OPE-algebra is defined as follows.

Definition 3.1.1. A wvector superspace V.= Vi @ V1 together with an even vector
1 € Vy and a subspace F C End(V){z,z} of End(V)-valued distributions is an
operator product expansion (OPE-)algebra if there exists a pair T, T of commuting
even endomorphisms of V' such that

(i) 1 ds invariant, i.e. T1 =T1 = 0.
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(il) F is weakly creative, i.e. a(z,Z)1 is a power series in z and in Z, Va(z, Z) €
F.

(iii) F is translation covariant, i.e.
[T,a(z,2)] = 0a(z,2) and [T,a(z,2)] = da(z, ).
(iv) F is complete, i.e. the following map is surjective:

s:F—V

3.1.1
a(z,z) — a_1,-11. ( )

(v) F is local, i.e. for each a(z,2),b(z,2) € F with parity a,b (i.e. s(a(z,2)) €
Va and s(b(z, 2)) € V;) there exist End(V)-valued fields C*(z,z,w, @) and
hi, hi € R with h; — h; € Z such that

" Ci(z,z,w,w)

a(z, 2)b(w, w) = Z =, and

~ (z— w)hi(z — w)hi

" Ci(z,z,w, )

(Dew, @a(z2) = (DM M o SR

i=1
where the denominators are series as follows

e 5 (1) () o

j=0

Let F C End(V){z,z} define an OPE-algebra. A priori, from the definition
above it is not clear that F only contains fields. This is actually a result of Rosellen
[Ros, Prop.2 (iii)] Moreover, only powers z~"~1z="=1 with integral difference h —

h € Z occur. More precisely we have

Proposition 3.1.2 (Rosellen). If a subspace F C End(V){z, z} defines an OPE-
algebra, then F only contains fields. They are of the form

a(z,z) = g ahﬁz_h_lé_h_l.
h,h€R,h—hEZ

Note that h — h € Z and field means for any v € V, a(z,Z)v has bounded negative
powers. We call V' the space of states and F the space of fields .

Till now the algebra structure (e.g. a multiplication) is not yet apparent. We
will explain this after giving

Theorem 3.1.3 (Goddard’s Uniqueness Theorem). If F C End(V){z,z} is a
creative, complete, local subspace, then the map (3.1.1) is an isomorphism. Its
inverse is an even linear map

Y:V—F

a—Y(a,z2).
We call it the state-field correspondence. We have moreover for any a(z,z) € F
a(z,2) =Y (a—1,211, 2, 2).

We also write a(z,z) =Y (a, 2, Z).
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For our construction of the lattice OPE-algebra in the next section it is more
convenient to give explicitly the state-field correspondence Y than to describe the
subspace F. Moreover, Y endows V with an R2-fold algebra structure, namely, any
(m,m) € R? defines a (not necessarily associative) multiplication

VeV —V

1.
a®b— a(m’m)b = am,m(b), (3.1.2)

where a,, » € End(V) is the coefficient of 2=~ 1z7™~1 in the field a(z, 2).
In order to define rationality we are interested in the subalgebras V, and Vz
which contain fields with integral powers in z respectively z. More precisely

V,:={veV|Y(az2Z2) € End(V)[zF]]},
V:i={veV|Y(az2) € End(V)[[Zil]]}.

In [KO] it is shown that V, and V; are vertex algebras in Kac’s sense. In Cor.B.6
therein we also find that they supercommute. They act on V with multiplica-
tion (3.1.2) restricted to Z x {—1} and {—1} x Z. This action is compatible with
multiplications on the space of fields, namely the following map:
Y(V,,2) xY(V,2,2) — Y (V,2,2)

(a(2),b(z, 2)) = a(2)(m)b(2, Z) := resy(w — 2)"[a(w), b(z, 2)].
That a(z)n)b(z, 2) is a field and lies in Y'(V, 2, 2) is shown in [KO, p.129] by using
Goddard’s Uniqueness Theorem. The compatibility with the product on the space
of states is the fact

(3.1.3)

a(2)(m)b(z,2) = Y(amb, 2, 2).

For the lattice OPE-algebra we construct in the next section we will determine
explicitly V, and V;. Besides, we need

Definition 3.1.4. A morphism of OPE-algebras is a linear map of vector super-
spaces f 'V — V' such that
i fy=r.
(i) JT =1'f,§T = T'f.
(iii) For all u,v € V we have Y'(f(u),2,2)f(v) = f(Y (u, 2, 2)v).

One can define additional structures on an OPE-algebra, e.g. superconformal
structure, N=1, N=2 structures. We will see these in the next section. The notion
of morphism shall be accordingly extended to comply with additional structures.

3.2. Construction of lattice OPE-algebras.

In this section we construct a N=2 superconformal lattice OPE-algebra which
generalizes the lattice vertex algebra in [Kac, §5.4] in the sense that it contains the
z- and bosonic parts as well as the z- and fermionic parts. In a special case (for a
special decomposition of the lattice) it reduces to Kac’s lattice vertex algebra, see
Remark 3.2.1. Moreover, we give its partition function in Remark 3.2.2 which can
shed some light on its physical interpretation in CFT. How to attach it to tori will
be explained in the next section.

We begin with an integral lattice (A, ¢), together with a (z,z)-decomposition

Ap = A, @ As (3.2.1)
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over R which is orthogonal with respect to ¢. In this section ¢ needs not be non-
degenerate, nevertheless we will impose this condition for the discussion on rational-
ity. The data (A, g, A,) shall suffice to construct an N=1 OPE-algebra. If moreover
we endow the vector space Ar with an almost complex structure Z, i.e. 7? = —1Id,
then we will get an N=2 OPE-algebra (see [KO, §3] for the definition of N=1,N=2
structures). We shall write a = a, — as with a, € A, and as € A;. Introduce two
copies hy = hy = Ac of Ac, which both inherit the decomposition

by =by: B hyz and by =0hr. B bys.

The affinization is the Lie superalgebra
h:=Clt,t @b, ®t:Clt,t | @by & CK

with even C[t,t"'] @ by & CK, and odd ¢2C[t,t~'] ® h;. The supercommutators
are described below by (3.2.5). Write C[A] for the group algebra of A over C, and
denote by €%, a € A the basis vectors of C[A]. Furthermore, write b := t~1h,[t '],

and f)]f = t*%hf[tfl]. The space of states is the superspace
V= Symb; ® /\ b7 ® C[A],

where Sym by is the symmetric algebra of b and A b7 is the exterior algebra of
bf. The vacuum vector 1 = |vac) :=1® 1 ® 1. The parity on V is

p(s®e*) =p(s) + (g(a,a) mod 2), (3.2.2)

for p(s) just note that p(s; ® s2) = p(s1) + p(s2). The representation = of h on V
is defined as

T:=m ®1+1Rm,,
with 71 the representation of 6 on Symb; @ A hf determined by
K —1d,
h+——0, hehb,
n <0, t"h+—— multiplication by t"h,h € by or h € by,
n>0, t"hr— (t7°h — nd,sq(h,h")), h,h € by, (3.2.3)
t"h — (t°h' — —nd,sq(h, 1)), h,h' € bz,
th— (70 = bn5q(h, 1)), BB € by,
t"h— (t7°h' = =6, 5q(h, B)),  h, B €y,
and my the representation of h on C[A] determined by:
K+— 0,
t"h — (e® v+ 0 0q(h,a)e”), h € by,
t"h — (e* = —0p0q(h,a)e®), h € bz,
t"h+——0, he€by,n.

(3.2.4)

If we write h,, := 7(t"h), then for h € by, h € bz, f € Dz, fe hrz, and m,n € Z,
r,s €L+ % the supercommutators are

[P, 1) = 100 —mq(h, 1)y [y BLy) = =160, —ma(h,

ny '"m ny '"m

{fr»f;} = 6r,—sq(f, f/)a {frvﬂ} = _57“,7SQ(JF’ f_/)

): (3.2.5)
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and all other relations are trivial. The state-field correspondence maps a homoge-
neous vector

v="hly b Rl e R fL e f e L e, (3.2.6)
where s;, §; are positive integers and r;,7; are positive half-integers, to the field

v(z,2) =Y (v,2,2) = Z e(a,b)e® Pry z4(a=:b2) z—q(az,bz)

beA
xexp(~ Y Sy S
*P nz" nzm
n<0 <0

where Pr;, is the projection onto Sym by ® A f)f ® e’ and

OH(z) =Y  hpz ™1, OH(2):= Y  hpz ™!,

meZ mEZ
Fo= Y e Fee Y Rl
re€Z+1 reZ+i

and the factor €(a, b) satisfies the equations (5.4.14) in [Kac]. We give a few exam-
ples:

ev=110e" =1,Y(v,z, 2) > pen Pro = id,

ev=h_,® Y(v,2,2) = :0°H (2),

ev=f,® Y(v,z7z) = o2 F(z),

e v=1®1®e%,

Y(v,2,2z) = Z e(a,b)e” Pry 24(a=:bz) z—a(az,bz)
beA
Qzn Gzn Qzn Qzn
X eXp(_ Z nzm + Z n2n>exp( Z nzm + Z > )

nz"
n<0 n<0 n>0 n>0

(.51

(r— 1)‘

Next we define the maps T and T'. Let {E’} respectively {E"} be a bosonic basis
of A respectively A; and {E%} respectlvely {E } be the dual basis with respect to
q, i.e. q(E, E]) =54 and q(E", E ) = —§%. The fermionic bases are denoted by
{Fi}, {F'} and {F"}, {F }. Then

T := Z(Z E', | El+ Z F‘T 1FZ) T is analogous.  (3.2.8)

i n>0 1

So we have all the ingredients for an OPE-algebra. In Appendix B we show that
attached to a torus it is isomorphic to the vertex algebra in [KO] which is an
OPE-algebra.

Further, the superconformal structure is:

1 i 7 i 5 7
L= 5 z:(E_lE_1 —FL,F5)® e, L is analogous.

i
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Remark 3.2.1. By inspecting the state-field correspondence (3.2.7) one sees that
fields may have non-integral powers in z and Z due to the term z%(¢=:0=)z—a(az.bz)
(recall that the (z,z)-decomposition (3.2.1) is only required to be defined over R).
However, the difference of the exponents of z and z is always an integer:

Q(a27bz) + Q(a’fabi) = Q(a‘ab) € Z.

This implies that in the special case of a trivial decomposition, i.e. Az = 0 or in
other words Ag = A,, the lattice OPE-algebra is nothing but a conformal lattice
vertex algebra in the sense of [Kac, §5.4 §5.5] (plus a fermionic part).

The N=1 structure is
i Lo~
= — FZ Ei (4 60.
Q 2\/52 7% 1

Given an almost complex structure Z on the vector space Ar, the N=2 structure is
denoted by

+ . _ L i T i i 0
Qr = ™G ;(FiéE_lj:Ffé(IE )o1) ®@ e,
i i i
J::—§ZF_%(IF )_y ©e’

and the analogous z-part (see [KO, §3] for the definition of these structures).

Superconformal lattice OPE-algebras find an interpretation in CFT once at-
tached to tori (discussed in the next section). Its partition function is central to
the physical theory. We give explicitly the partition function for any superconfor-
mal lattice OPE-algebra. Since this does not influence our work on rationality we
put these results in a remark and the proofs are given in Appendix A.

Remark 3.2.2. Let Ag = A, @& A; be an orthogonal decomposition of a lattice
(A, q). Denote

d:=dimA, and d:=dimA;.
Let V(A,q,A.) together with the superconformal vectors (L, L) be the associated
superconformal lattice OPE-algebra. Then the central charges are

3d _3d

¢c=— and ¢= —.
2 2

From the expansion of L(z) = Y (L, z) we get
d
i i i i i i
Ly = Zl SE0EG + ; E',Ei + Z rFL E (3.2.9)
= "= T=gg 0

(analogously for Lg). The partition function is then

c_ _

Z =Try qL0724 qiofi

d d
1 (03(7))2 <93(7_-)>2 Lq( Y=1q(az,az)
= — = q2le=a=)gaalazaz) | (3.2.10)
s o) o)\
where we set q = €2™ and q = €2™7. The two modular forms are Jacobi theta
function f3 and the Dedekind eta function 1. See Appendix A for proofs. The sum
in the last term reveals whether the lattice OPE-algebra is rational, see Remark
3.4.5.
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In the next section we attach a superconformal lattice OPE-algebra to tori and we
will see the case of a circle in Example 3.4.4 where we also discuss about rationality.

3.3. Toroidal lattice OPE-algebras.

Now we explain how tori give rise to lattice OPE-algebras. To a real torus T
together with a constant metric G and a B-field, one can associate a N=1 super-
conformal lattice OPE-algebra V (T, G, B) by setting

A=Tarl" q((a1,a2),(b1,b2)) := —(a1,b2) — (a2, b1)
and A, = Graphp (-G + B), A; = Graphr, (G + B)
and define the factor €(a,b) := exp(in{ai,bs)) for a = (a1,a2) and b = (b1, b2) in
eI
To a generalized complex torus (T,Z,J) one can associate two N=2 structures.
Set (A, q) and €(a,b) as in (3.3.1) and
A, =Image,, (Id+ZJ), Az =Image,, (—Id+ZJ)
(see Lemma 2.2.10 (i)). Now one can choose either Z or J to define Q* and .J. As
ZT=-Jon A, and ZT = J on A; the two N=2 structures are related as follows:
For simplicity, we denote by V(T,Z, J) either the N=2 superconformal lattice OPE-
algebra defined by Z or J. If additionally, (T,Z,J) is induced by (T, G, B) (see
Definition 2.2.6), we also write V(T, G, B) for the N=2 superconformal lattice OPE-
algebra V(T,Z,J).
In Appendix B we prove

Proposition 3.3.1. The N=2 superconformal lattice OPE-algebra V(T,G,B) is
isomorphic to the N=2 superconformal vertex algebra constructed in [KO].

(3.3.1)

Adopting the viewpoint of lattice OPE-algebras has the advantage of having a
basis-free construction. Moreover, it is more apparent how the lattice determines
the structure of the OPE-algebra. This leads us to the formulation of rationality for
lattice OPE-algebras (see Definition 3.4.1) and eventually to prove that rationality
is completely determined by the size of the so-called chiral sublattice A, of A (see
Proposition 3.4.2). In Example 3.4.4 we look at the case of a circle.

3.4. Rationality.

In this section we suppose that the integral bilinear form g is non-degenerate. We
phrase rationality of a lattice OPE-algebra V := V (A, ¢, A.) in terms of the size of
its so-called chiral subalgebra (see Definition 3.4.1). It is a subalgebra whose fields
only contain integral exponents in z and Z, though it is not necessarily a lattice
OPE-algebra. We will explicitly construct it. Roughly speaking, we call V rational
if its chiral subalgebra is so big that V' breaks into a finite direct sum of irreducible
representations of it. Theorem 3.4.3 gives necessary and sufficient conditions for
rationality of toroidal lattice OPE-algebras.

In Section 3.1 we mentioned that V, and Vz which only give rise to fields con-
taining integral powers in z respectively Z are vertex algebras in the classical sense.
For lattice OPE-algebras they are easy to determine. Write Ag = A, ® A; and
define

hb,z = Az ®Rr (Ca b;z = t_lbb,z[t_1]7
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hf,z =A, ®rC, b?,z = t_%hﬁz[t_l]?
.= {AeA|A =0}
Then we get

V, = Sym b;z ® /\ f)ﬁz ® C[T',], V: is analogous.

For this equality we need the non-degeneracy of q. Note that in general V, and V3
do not bear the structure of a lattice OPE-algebra because the rank of I', may be
smaller than the dimension of A,. Rationality designates precisely the case where
they do possess the lattice structure. We explain this.

We build the tensor product

Ven :=Vz @ Vs,

(u@e’) @ (a®e?) = (1P PH (uea) @ e,
where the parity p(-) was defined in (3.2.2). Define the chiral sublattice as
A =T, @ T, (3.4.1)
We have
A ={A € A | A, € A or equivalently \; € A}
and
Ven = Symby @ \ b5 ® ClAcn). (3.4.2)

With the restricted operators T, T and state-field correspondence Y, V,j, is again an
OPE-algebra, though not necessarily a lattice OPE-algebra. We see that all fields
of V. only contain integral powers in z and z. We call V., the chiral subalgebra of
V. Conversely, the fields of V' which only have integral powers in z and z are not
all contained in V. This is because the following inclusion

A, C{A € A q(A;,a) € Z,Va € A}

is not an equality in general unless we impose unimodularity on the lattice (A, ¢). In
other words, if (A, ¢) is unimodular, then the chiral subalgebra V., consists exactly
of the fields of V' which only contain integral powers in z and Zz.

Furthermore, V,;, has an action on V. Recall the structure of R?-fold algebra
of V from Section 3.1. Then V,j, acts on V by restricted Z2-multiplications. They
are compatible with multiplications on the space of fields (defined in (3.1.3)). More
precisely,

Y((u@e)® (a® ea)(nﬁ)(v ®eb), 2, %)
=Y(u®e,2)@u Y(@®e",2) @m Yo, 2 2)
=Y(a®e,2) @m Y(u®e,z) @um Yo,z 2).
Now we give

Definition 3.4.1. A lattice OPE-algebra V(A,q,A,) is rational if it decomposes
into a finite sum of irreducible modules over its chiral subalgebra Vi,. A N=2
superconformal lattice OPE-algebra is rational, if its underlying lattice OPE-algebra
(without the N=2 and superconformal structures) is rational.

It turns out that rationality is determined by the size of A.,. Indeed, there is
an obvious decomposition of V. For any a € A, denote by x, C C[A] the subspace
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spanned by all vectors e*** with A\ € A.j,. Clearly, it is independent of the choice
of the representant of [a] € A/A.p, i.e. Xo = Xo for [a] = [@'] € A/As. Then

V= @ Symb,f@/\hf@xa =: @ Vs (3.4.3)

[e]eA/Ach [a]€EA/Ach
and each V, is a Z2-fold module over the chiral subalgebra V,;,. We show

Theorem 3.4.2. Let (A,q) be an integral lattice endowed with an orthogonal de-
composition Ag = A, @ As over R. The following is equivalent.

(i) The lattice OPE-algebra V (A, q, A,) is rational.

(ii) The chiral sublattice Aoy, is of mazimal rank in A, i.e. [A: Acp] < cc.
(iii) The decomposition of A is defined over Q.

(iv) The chiral subalgebra Vep, is a lattice OPE-algebra.

Proof. (1)< (ii): If Agp is of maximal rank, the decomposition (3.4.3) is finite. We
show that in this case, each V,, is an irreducible module. Indeed, as A., is of
maximal rank, V., is isomorphic to V, as vector space, and the action of V; on
V, is faithful. By [Kac, Prop.5.4] we only need check that if for some v € V,,, we
have (B, ® Dmyv = 0 and (1 ® e®)(myv = 0,Ym, Vi and Va € A, and similarly
for the z-part, then v = 0. This is clear by inspecting the explicit expressions of
the corresponding field of these vectors (see the examples of fields given in Section
3.2).

Conversely, if V(A, g, A.) is rational, then the sum (3.4.3) must be finite, hence
Acp is of maximal rank.

(ii)<(iii): If the decomposition of Ag is defined over Q, then we have

Ag = (A N Ag) & (A2 NAg),
FZ’Q =A.N AQ, FE’Q =A:N AQ,
hence AQ = Ach,Q~
Conversely we have A, =T, g and A; =I'; g. Hence (iii).
(ii)<(iv): This is obvious by (3.4.2). O
For toroidal lattice OPE-algebras, in view of Lemma 2.2.10, Theorem 3.4.2 has
as consequence the following

Theorem 3.4.3. (i) The lattice OPE-algebra V (T, G, B) associated to a real torus
with a constant metric G and a B-field B is rational if and only if G and B are
both rational.

(ii) The N=2 superconformal lattice OPE-algebra V (T,Z,J) associated to a gen-
eralized complex torus is rational if and only if the composition Z.J is defined over
Q.

(iii) The N=2 superconformal lattice OPE-algebra V(T,G,B) associated to a
complex torus T' endowed with a constant Kdhler metric G and a B-field is rational
if and only if G and B are both rational.

We illustrate this theorem in the simplest case.

Example 3.4.4. We describe the lattice OPE-algebra associated to a circle. Let
C :=R/Z be a circle of radius R, i.e.
C = Image(R — R? t —— Re*™™).

Consider the standard metric on R? to be normed such that (1,0) and (0,1) are
orthogonal and have norm % Thus the pulled-back metric G on C' is G = R?. As
to the B-field, for dimension reasons we have B = 0.
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The lattice of the OPE-algebra is
A=H\(C,Z)® H(C,Z) = Z 3 Z.
The decomposition is
Ar = A, A

= Graph(—G) @ Graph(G)
>~ {(x,—R%z) | v € R} @ {(z, R?z) | = € R}.

The exponents in z and Z which may not be rational are g(a., b,) and ¢(az,bz),a,b €
A. Let us write

a = (a1,as) = a. —az = (x,—R*z) — (y, R?y) for z,y € R,
b= (b1,by) =b, — bz = (u, —R*u) — (v, R*v) for u,v € R.
Hence
ai=x—vy, a=-R*(x+7y), b=u—v by=—-R*(u+v) (3.4.4)
and
q(a.,b.) = 2R*zu, q(az,bs) = —2R*yv. (3.4.5)

Obviously, for a,b € A, if R? € Q, then in view of (3.4.4), we get z,y,u,v € Q ,
hence the numbers in (3.4.5) are rational, and the chiral lattice A.p, as in (3.4.1) is
of maximal rank in A. The lattice OPE-algebra is thus rational.

Conversely, for A.p, to be of maximal rank in A, (3.4.5) must be rational numbers
for all a,b € A. Substituting (3.4.4) into (3.4.5) one gets the condition

b
R2a1b; + “]2%—; €Q, Va,beA.

Hence R? must be rational. Moreover one can also consider the superconformal
structure we defined in Section 3.2. The partition function takes an easy form.

Remark 3.4.5. In terms of the partition function Z, we see that the sum in (3.2.10)
can be written as a finite sum over the elements of A/A.y, if V(T, G, B) is rational.
Indeed, due to the following decomposition over Z:

Ach - Fz © FE
the sum in Z becomes
Z (Z q;q(c+bz,c+bz)> (Z q;q(d+bz,d+bz)> )
bEA/ Ao \c€T- der:
The first summation is finite if A, is of maximal rank in A.

In the next section we draw some consequences of Theorem 3.4.3.
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3.5. Complex multiplication, rationality and mirror symmetry.

In this section we use Theorem 3.4.3 to rephrase results of Sections 1 and 2 about
abelian varieties in terms of lattice OPE-algebras. Let us start out with an analogue
of [KO, Thm 5.4], which shows that mirror symmetry for generalized complex tori
can be alternatively expressed in terms of their associated lattice OPE-algebras.
First we recall the definition of mirror symmetry for OPE-algebras from [KO].

Definition 3.5.1. Two N=2 lattice OPE-algebras are mirror partners if there is
an isomorphism f : V. — V' of their space of states, such that
(i) f@)=r@),
(11) fT:T/fafT:T/fy
(iii) for all u,v € V, we have Y'(f(u),z,2)v = f(Y (u, 2, Z)v),
with the additional property:
FQH=Q7 . f()) =7,
F@Q*) =0, f() =17
Theorem 3.5.2. Two generalized complez tori (T,Z,T) and (T",Z',J’) are mirror
partners if and only if the N=2 lattice OPE-algebras V(T,Z,J) and V(T',7',J")

are mirror partners.

Proof. Let ¢ be a mirror map between the two generalized complex tori. Since
© preserves ¢ and the decomposition (2.2.2) (see Lemma 2.2.11 (i)), it induces an
isomorphism f between the representations 7 of h on V and 7 of §’ on V', hence f
satisfies (i)-(iii) of Definition 3.5.1. As ¢ sends Z — J', we have in view of (3.3.2)

Qf Q% =QF Jr— Jy=—Jp
At A+ _ At T T
QI’_’Q(]/*QI/ JIHJJ/*JI/
Similarly for J — Z’, hence the N=2 OPE-algebra mirror morphism for both N=2
structures.
Conversely, the isomorphism between the spaces of states induces a bijective map
@ : A — A’ of the lattices. The requirements (i)-(iii) of Definition 3.5.1 force ¢ to

be compatible with ¢ and ¢’. Finally, ¢ maps J — Z’ and Z — J’ because of the
N=2 structure of the OPE-algebras. This completes the proof. O

Now we draw a direct consequence of Theorem 3.4.3, which shows that mirror
symmetry has the virtue of letting the rationality of lattice OPE-algebra to be
transmitted:

Corollary 3.5.3. Suppose (T,Z,T) and (T',Z',J') are mirror generalized complex
tori. Then the N=2 superconformal lattice OPE-algebra V(T,Z,J) is rational if
and only if V(T',Z',J") is rational.

Proof. From Theorem 3.4.3 (ii) it follows that Z.J is defined over Q. Lemma 2.2.10
(i) implies that the decomposition (2.2.2) is defined over Q. Hence the same holds
for (T',Z',J’) due to Lemma 2.2.11 (i). O

Further, by combining Theorem 3.4.3 and Theorem 1.2.17 one gets

Corollary 3.5.4. An abelian variety X is of CM-type if and only if X admits a
rational N=2 superconformal lattice OPE-algebra V (X, G, B).
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Proof. If X is of CM-type, one can choose B = 0 together with the rational Kahler
metric claimed by Theorem 1.2.17 to define a rational N=2 superconformal lattice
OPE-algebra V (X, G, B) in view of Theorem 3.4.3 (iii). Conversely, the rationality
of V(X,G, B) forces G to be rational again by Theorem 3.4.3 (iii), and its N=2
structure means that G is Kéhler. Again by Theorem 1.2.17, X is of CM-type. [

Finally, we give an answer to our question (QAV) on the interplay between com-
plex multiplication, rationality of the lattice OPE-algebra and mirror symmetry for
abelian varieties. It is actually a reformulation of Theorem 2.2.13 and Proposition
2.3.1.

Corollary 3.5.5. Let (X,G,B) and (X',G',B’) be mirror abelian varieties. If
the N=2 superconformal lattice OPE-algebra V (X, G, B) is rational, then X and
X' are isogenous and both of CM-type. Conversely, however, there exist mirror
abelian varieties (X, G, B) and (X',G', B') such that X and X' are isogenous and
both of CM-type, but neither V(X,G, B) nor V(X',G’', B') is rational.
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APPENDIX A: PARTITION FUNCTION OF SUPERCONFORMAL LATTICE
OPE-ALGEBRAS

position

We prove equalities (3.2.8) and (3.2.9) and the partition function formula (3.2.10)
for a superconformal lattice OPE-algebra associated to a lattice A with a decom-

AR =A,®A;, d:=dimA, and d:=dimA;.

Recall the notations. The bosonic bases of A, and A are {E'} respectively {E%}
with dual bases { £’} respectively {E'}, i.e.
q(Ei,E'j) =6 and q(Ei,Ej) = -5,
The fermionic bases are denoted by { '}, { F} with dual bases { F*}, {EZ} Recall
the superconformal vector

7

L:== Z(Eﬂlﬁil — Filfié) @€, L is analogous.

The coefficients L,, and L,, in

nez

Y(L,2) =Y L,z "% Y(L,2)=)» L,z "?

neZ
generate the Virasoro algebra. In view of the state-field correspondence (3.2.7) we
have

i

Y(L,2) = %Z(; OE (2)0Fi(2) : —: Fi(2)0F(2) 2).

We calculate the coefficients L_; and Lo. The operators 1" and T turn out to be
T= L,1 and T = L,1.

Claim A.6. We have

71+ Z (T+7)F1r 1ﬁ7’f and
i=1 \n>0 r=3%,2...
(1
Li=Y S B0 E + S ELE,+ Y rFF
=1 n>1 =1 3
= T=3,5,...
Proof. Note that
OE'(z) = Bl mmml = Z E mmml g Z B! 7t
meEZ m<—1 m>0
=0E"(z)+ =0FE%(z)_
F'(z) = Z F'z7""2 = Z E'z
T€Z+% s yee
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Hence
L OE (2)0E(2) : = OE(2) 40 (2) + (—1 P EWEI G ()9E (2)_

Z B! zmmt (ZE,’;Z_"_1>

m<—1 nez

+ (Z Eflz_"_1> Z Bl mmt

ne m>0

L FU(2)0F(2) : = Fi(2) L 0F (2) + (—1)PEPEN9F (2)Fi(2)_

1 ..
Z (—5—§)F§zf$7%

r:—g,—%,... seZ—&-%

- Z (—s—%)ﬁsiz_s_% Z Ffz_r_%

1 —1 3
SE€EZ+5 =35,

I
i\¢
3

|

i

For L_, we need look at z~!, we get

La=5 Y (X BBl X B
A m<—1 m>0
- > (r+;)mw, 1+ Z FZ 1F1)
=4
= Z(ZEn EL+ > EL, B
A n>0 m>0
- Y s pFLLEE Y <r+;>Fi”ﬁ:)
=48 r=h§.
_Z ZEtn 1E1+ Z ir lFl
i \n>0 r=13 .

In the second equality above we used
ZE‘l—m—lE:n :ZEl—m—lEfn and Zﬁir—lFri :ZFir—lﬁﬁ
i i i i
whence the equality for L_;. The calculations for Ly are similar. O

For the partition function

Z =Try qLO*inO*%, where ¢=¢e*" and §=e*""
we determine first ¢ and ¢.
Claim A.7. We have _
3d _3d

c=— and ¢c= —.
2 2

Proof. Recall that c is the central charge, it is the number acting by multiplication
in
nd—n
[Ln; Lm] = (n — m)Ln+m + TC.
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We show the equality for ¢ (analogous for ¢).
From the proof of [Kac, Thm 5.7] we know that

C
LQin

for vertex algebras. This is also true for lattice OPE-algebras. We have

d
S SR v

=1 PpEL reZ+1 5

By easy calculations we get

3d
LQL = Z

Hence ¢ = 37‘1. O

Now we calculate the eigenvalues of L.
Claim A.8. The eigenvalues of Loy are

d 1 d m
1
{Z Zpkisk + ZZQkitk + §Q(az,az) |l,m>1,s, < Sgt1,P0i €N

1=1 k=1 1=1 k=1

1
bt <tpy1 € N+ 5,(]}@ € {O,l},a S A}.

Proof. The term 1g(a.,a.) is due to >, E}E} in Ly which only acts on C[A].
More precisely, in view of (3.2.4) we have

1 [ nll 1 a 1 a
3 ZEOEOe ZEOq (B¢, a) azoe 2q(az,a)e = iq(az,az)e .

The term Z?:l 22:1 PriSk is due to Z?Zl o1 B, Bl Indeed, any bosonic state
is a sum of vectors of the form

d d
v= H(Eisl )pli e H(Eisly)” ® ea’ Si < Si+1,Pki € N.
=1 =1
This gives
d d l
)IPIITES 3 T A
1=1n>1 =1 k=1

For the proof we show
l

Z EJv = Zp,ﬂskv
n>1

k=1

Indeed,

l
lhs =Y E’  Elv
k=1
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each summand is
d

d
Ej_ékEJ V= H(Ez_gl)pli . -'Ej_ékEj H(El—sk)pki ® &b
1=1

d
H L ..H(El_qk)pkiEJ (51 + EJ_SkEgk)pwl ® e

i#]
= PkiSkU.
This shows (A.1) after summing over k and i

For fermions the space of states is an exterior algebra, this means that the same
cannot occur more than once. So any fermionic state is a sum of vectors

term Fitk
of the form
d d 1
= Fioyai. .. JARLE e, i < Sit1 €E N+ — qx; €{0,1}.
u 11;[1( 7t1) };[1( 7tl) ®e 8 Sit+1 + 9 qk {0,1}

This gives
Z Z rFt qu = ZZq;ﬂtku

= lr_l 3’,__ =1 k=1
O

similarly to bosons.
In order to express explicitly the partition function we make a reminder about

the Dedekind eta function and the Jacobi theta function. Write q = e2™*7, they are

defined as follows

n=1
O3(r) = [[(1—q") I (t+a7)?
n=1 reN+1
We see
1 L
—— =g | [(1+q"+¢" + )
n(r) ,El
2

0

3((:)) =la = [[ a+a)

" reN+3

We show
Claim A.9. The partition function is
1 05(r)\ # :
7= (37) ( > qhatasa) ghalasas)
@@ \n(r) 2
Proof. In the partition function the bosonic contribution is
X Z t+1 ! !
Z-par = —
n(r)? n(7)d

=1 p;1,...,ps EN\{0} s1 <---<s;,€N\ {0}

ICIPORED VRN DR S
i=1
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The fermionic contribution is
d e’}
1 m
[T (> X a==n XZ—part+1=< o
i=1 m=1 t1<---<tm€N+% mr
The term +1 is due to the vacuum state. The contribution of the lattice is

Z q%q(auaz)q%‘I(az#lz) .
a€A

15" (55)'

The shows the claim.
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APPENDIX B: AN ISOMORPHISM TO KAPUSTIN-ORLOV’S N=2
SUPERCONFORMAL OPE-ALGEBRA

‘We show Proposition 3.3.1. Recall the

Definition A.10. Two N=2 superconformal OPFE-algebras are isomorphic if there
18 an 1somorphism f : V — V' of their space of states, such that
(i) f)=ra)
(i) fT=Tf [T =TF
(iil) For all u,v € V, we have Y'(f(u), z,2) f(v) = f(Y (u, 2, Z)v)
(iv) fL=1L', fQ* = Q'=, fJ =J', similarly for the zZ-part.

Let (T, G, B) be a complex torus. Recall the charge lattice isomorphism from [H1]:

1 (—G—B 1

¢ =r5\le-B 1

Tr®Th: — Tk &I
N5 ) R R R R

with inverse
¢_1 _ i —G1 G
V2 \1 - BG™' 14+BG ')

Elementary calculations show that ¢! is an isometry, i.e.:
G1 0
-1 -1y _

Writing ¢(a) =: (¢1(a), ¢2(a)), the decomposition Ag = A, ®© Az = Graphp, (-G +
B) @ Graphp, (G + B) from (2.2.2) corresponds to

a—a,:=¢ topi(a) and aw az:=—¢ 'ogpaa).

Write f := ¢~!. We show that f is the isomorphism we are looking for. Here we
only give the calculation for the bosonic part. The fermionic part is similar.

We interpret [KOJ’s choice of bases as follows: {a’};—1 2, as the basis of the
first component of I'y @ I'y and {O_éi}izln_Qg as the basis of the second component

of I'y @ I'. Set

E':= f(a') and E':= f(a").
Then for the dual bases, i.e. {67} e T3 @0 and {5j} € 0@ Ty with G~ 1(af,a%) =
G~(a',a’) = 69 set

Ei:= @) and E = f(@&).
Then in view of (A.2) we have ¢(E!, E) = §% and q(E’i,EJ) = —6Y. On the
representations, f induces the correspondence:
ol — E & — E forseZ" and (G YHYMP, — EJ.
Then the commutators are
(3.2.5)

[EL,E)] =" 565, _pq(E', E7)
(4.2) 565, _p(GL)1
= [aia O‘g;]a

where s,p € Z*. Similarly for the z-part.
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At this stage it is clear that f possesses the properties (i), (ii) and (iv) of Def-
inition A.10. For (iii) we first translate the notations in [KO] into ours. For
(w,m) e @I

P;(w,m) = ¢1;(w, m) is the i-th coordinate of ¢1(w,m) € T'*,

P;(w,m) = ¢ai(w,m) is the i-th coordinate of ¢o(w, m) € I'*,

k= é1(w,m),

k= ¢o(w,m).
Then for a = (w,m),b = (w',m’) € T ®I'*, we have again by (A.2) q(a.,b.) =
G~ Y(k,K') and q(az,bs) = —G~1(k, k), and

s — Hs—1 —1\jk - 9syJ s—1 —m—1
OX(2) = NGV =0 (2) — 0T Y Br

meZ
, o EJ, o7, drj(a)ad)m
kYI(2)y =k Y o ¢1(a) > o = > —
m<0 m<0 m<0
_ aZ7n
- mzm’

m<0

Compare the state-field correspondence (3.2.7) with the one given in [KO], the
isomorphism is then obvious.
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algebraic group, 9
algebraic torus, 9

period, 26
supersingular, 24
Kummer surface, 25

B-transform, 38

lattice OPE-algebra, 51
Cartan involution, 17 - on a circle, 57

chiral subalgebra, 56 - rational, 56
chiral sublattice, 56 - toroidal, 55
CM-field, 7, 10

linear algebraic group, 9
- complex conjugation, 8

- F-rational points, 9

CM-type - defined over k, 9

- Hodge structure of, 10

- K3 surface of, 23 mirror map

- abelian variety of, 12 - K3 surfaces, 45

- of a CM-field, 7, 15 mirror partner
cyclotomic field, 16, 42 - K3 surface, 45
cyclotomic fields, 8 - abelian variety, 38

- generalized complex torus, 38, 39

distribution _ involutive, 45

- E-valued, 49

- lattice OPE-algebra, 59
elliptic curve, 1, 13, 17, 25 morphism of OPE-algebras, 51
Ty Mukai pairing, 22, 44

field, 49, 50
field of definition of a vector, 30 N=1 structure, 54
fully defined over, 30 N=2 structure, 54

Néron-Severi group, 22

generalized Calabi-Yau structure (GCYS),
37 OPE-algebra, 49

- lattice OPE-algebra, 51

generalized complex structure, 38
- morphism, 51, 67

generalized complex torus, 38
generalized Kéhler structure (GKS), 38

tition functi 54, 58, 61
Goddard’s Uniqueness Theorem, 50, 51 parbiion function, 9%,

period, 26

period map, 26

Picard number, 22

polarization (see Hodge structure), 9
positive anti-involution, 13, 19

Hodge group, 9
- connected, 9
- identity component, 9
- reductive, 9

Hodge structure, 8

- irreducible, 8, 10, 11, 23 quaternion algebra, 13

- morphism of, 8 rational B-field, 2, 38

- of CM-type, 10 rational Kéahler metric, 17, 18

- of CM-type over a CM-field, 10 rational Riemannian metric, 2, 17
- polarizable, 9, 12, 23

- polarization, 9 space of fields, 50

- trivial, 9 space of states, 50

- weight 1, 12 state-field correspondence, 50, 53

superconformal structure, 53
identity component (see Hodge group), 9

isogeny Torelli Theorem, 12
- K3 surface, 27 totally complex field, 7
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totally negative, 8, 13
totally real field, 7
transcendental lattice, 22
twistor space, 21, 33

width of a vector, 30



